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ABSTRACT: We study primordial non-gaussianity in supersolid inflation. The dynamics of
supersolid is formulated in terms of an effective field theory based on four scalar fields with
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phonon-like excitations with a kinetic mixing stemming from the completely spontaneous
breaking of diffeomorphism. In a squeezed configuration, fny, of scalar perturbations is
angle dependent and not proportional to slow-roll parameters showing a blunt violation
of the Maldacena consistency relation. Contrary to solid inflation, the violation persists
even after an angular average and generically the amount of non-gaussianity is significant.
During inflation, non-gaussianity in the TSS and TTS sector is enhanced in the same region
of the parameters space where the secondary production of gravitational waves is sizeable
enough to enter in the sensitivity region of LISA, while the scalar fyr, is still within the
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1 Introduction

We have minimal knowledge of the Universe before radiation domination. The most con-
vincing solution of the horizon and flatness problems of the hot big bang model is to
assume that the Universe had gone through an early phase of accelerated expansion driven
by some sort of “matter” (inflaton). The only glimpse of the inflationary phase is the seed
of primordial perturbations that gave rise to structure formation in the Universe via grav-
itational instability. Interestingly, many of the inflationary phase features are determined
by the spontaneous symmetry breaking during inflation. In the simplest case of single
clock inflation [1] 4-dimensional diffeomorphisms are broken down to 3-dimensional diffeo-
morphisms of the hypersurface ¢ =constant, where ¢ is the inflaton field; the Weinberg
theorem holds [2], perturbations are adiabatic, and the detailed theoretical predictions for
primordial non-gaussianity [3, 4] are not affected by the reheating of the Universe. The
downside is that primordial non-gaussianity turns out to be very small, and the amplitude
of the stochastic background gravitational waves generated during inflation is tiny and out
of reach for LISA.

When more fields are present, symmetry breaking pattern can be completely different,
changing the predictions significantly for primordial non-gaussianity. In the present work,
we propose an effective theory description based on up to four scalar fields that allow
us to study the symmetry breaking pattern during inflation systematically [5, 6]. When
diffeomorphisms are completely broken down to a global group required for the existence
of de Sitter background space-time, the fluctuations of the scalar fields around their VEVs
can be associated with the phonon-like excitations of a self-gravitating medium with the
properties of a supersolid [7-9]; the breaking of spatial diffs by a solid-like medium was
considered in [10]. Such a medium also provides a mass to the graviton [5, 6, 11-13] via
gravitational Higgs mechanism. A similar breaking pattern during inflation was already
considered in [14] with results similar to solid inflation. Our analysis shows that in fact
the supersolid case is intrinsically rather different from solid inflation, as will be discussed
in the rest of the paper. In the scalar sector, two independent modes are present and mix
from the beginning, in the Bunch-Davis vacuum, till the end of inflation. Consequently,
perturbations are not anymore purely adiabatic.

The presence of non-adiabatic perturbations and anisotropic stress of the solid compo-
nent of the medium leads to violation of the Weinberg theorem. In this sense, the option
of inflating and forgetting is not available and reheating must be taken into account to de-
termine the seed of primordial perturbations to be used at large scales as initial conditions
for the standard radiation dominated phase of the Universe’s evolution. The curvature of
constant energy density hypersurface { does not coincide at superhorizon scales with R
which represents the curvature of hypersurface orthogonal to medium velocity, and both
of them are not perfectly conserved at superhorizon scales; further, the Maldacena con-
sistency relation [3] is not satisfied. One can show that [9] in the instantaneous reheating
approximation, the seed of primordial perturbations are almost adiabatic in agreement
with the most recent CMB data [15]. On a more phenomenological side, we point out the
existence of a region in the parameter space of supersolid inflation such that the primor-



dial tensor power spectrum (PS) and the related stochastic background of gravitational
waves could be significantly enhanced with a blue-tilted spectral index via secondary pro-
duction due to the non-linear coupling among scalars and gravitons [9]. Simultaneously,
in the same region, non-gaussianity related to tensor fields can be noticeably enhanced,
keeping the scalar prediction within the current experimental constraints. Finally, in solid
and probably also in supersolid inflation, as discussed in [16] one should check how fast
an anisotropic background gets to a Freedman-Robertson-Walker solution. In particular a
statistical anisotropy can be generated [17] due to infrared modes that modify the back-
ground; such an effect is sizeable when inflation lasts for more than the minimal number of
e-folds needed to generate the CMB anisotropies. In this work, we suppose a suitable dura-
tion of inflation that allows to transmit the correct amount of isotropy, and constraints on
parameters will be obtained considering the current experimental limits on non-gaussianity
only. We leave the detailed analysis of this interesting feature for future work.

The outline of the paper is the following. After a brief introduction to the effective
description of a supersolid given in section 2, the parameters entering in the quadratic and
cubic action are discussed in 3, while section 4 is devoted to the discussion of the power
spectra, resuming the main results found in [9]. Sections 5, 6, 7 and 8 contain the analysis
of primordial non-gaussianity. Finally, in section 9 we briefly analyze the phenomenological
implications given by supersolid inflation. Our conclusions are drawn in section 10.

2 Supersolids

Single field inflation is the simplest choice in the vast menu of inflationary models. It
successfully addresses all the drawbacks of the hot big bang model and predicts a tiny level
of primordial non-gaussianity (PNG) and very low tensor to scalar ratio in agreement with
the lower bound from CMB [15, 18]. Why then should one consider more complicated
models?

The answer is related to the very different PNG predictions. In single clock inflation,
the inflaton background value ¢(t) spontaneously breaks the 4d-diffeomorphisms of general
relativity (GR) down to 3d-diffeomorphisms of the hypersurface ¢ = const. The symmetry
breaking pattern plays a crucial role in many aspects of inflation and primordial non-
gaussianity. For instance, in the squeezed limit, the residual symmetry group determines
the form of fxr [3, 19-24]; see also [25] for a recent discussion. Things are different
when 4d-diffeomorphisms are completely broken, leaving only a global symmetry as a
leftover. The minimal number of scalar fields, that can implement such a scenario, is four:
04, A=0,1,2,3 with a background value, during inflation, of the form

O =p1), =2, 1=1,23, Gu=al)n.. (2.1)

To allow a FLRW (Freedman Lemaitre Robertson Walker) background solution, the action
describing the scalar fields dynamics needs to be symmetric under internal rotations and
shift transformations

o RLOm O RR=1, ot opttet A=0,1,2,3. (2.2)



The building block matrix

CAP = D™ g* D" (2.3)
is used to write down the action
S =3 /dm4 V=3 [R+U®, y, x, 7v, 72, wy, wz)], (2.4)
where
BIm = ¢tm | Wlszlm—w, Ibm=1,2,3;
b= /Det [B], y = ut 9u¢°, X =V-C%,
Tr [BQ} Tr [B?’] (2.5)
TX:TI'[B], Ty = ) ) TZ:737
Tx Tx
Tr [Wﬂ Tr [wﬂ
wx wx

and u* plays the role of a normalized time-like four-velocity such that u“@ucpl =0

ehvap
- m €lmn

The action (2.4) can be interpreted as the relativistic generalization of the low-energy effec-

ut =

O Oa™ O™, utu, =—1. (2.6)

tive Lagrangian describing homogeneous and isotropic supersolids at zero-temperature [7,
26]. Such an action is the most general at leading order in a derivative expansion compat-
ible with the given internal symmetries, see [9] for more details. For the benefit of readers
we point out that, besides the presence of ¢°, our choice for the independent operators
is slightly different from [10].! From the energy momentum tensor (EMT) of the scalars’
action, one can infer the energy density and pressure

p=M%(-U+ U+y—2U =M% (U -bU +MU (2.7)
pl Yy Y X p pl b 3y Y- .

The action (2.4) reduces to the one of a solid when the following operators are sent to zero:
Y, X, Wx, wy, wz; that is equivalent to remove the scalar ¢°.

3 Mass parameters and cubic vertices

At the background level, the EMT of the scalar fields is the one of a perfect fluid with
energy density and pressure given by

B 2 =~ 2

_ 2 ¢ S a2 1 2_ (@) _ pa

p:Mpl _U+E(UX+U?/)’ p_Mpl<U_CL3Ub>’ H _(a) _67]\4517
(3.1)

'We use b = Det [B]*/? instead of 7x = Tr[B].



with U and its derivatives evaluated at the background value of the independent operators

- 1 . _ ¢ _ _ 1 _ _ 1
bzg, y:x:;’ TY:wY:§7 TZ:UJZ:§- (32)

The simplest way to identify the parameters entering in the quadratic and cubic expansion
of (2.4) is to work in unitary gauge where the scalar fields are frozen to their background
values and all perturbations are in the metric g,, = a2(77,w + huy). Schematically, the
expansion of the Lagrangian of the scalars has the following structure

V=g U~ fl(U7 Ul) h = ﬁ7 ﬁ (33)
+ fo(U, U, U") b2 =  M=,.4
+ f3(U7 Ula UN? U(3)) h‘3 = )‘i=1,...10 .

From SO(3) symmetry, we can define the following independent operators.

e Linear level: hgg, hy and the associated parameters, the energy density p and the
pressure p.

o Quadratic level: h3,, h3;, h%, h?], hoo hii with 5 independent associated mass-like

parameters (actually they have the dimension of a mass squared) {M;—q.... 4}.

7,7,”

e Cubic level: hOO’ h(Q)O hii7 hoo h hoo h”,
hij hji hi; with the corresponding ten parameters, \j—1,.. 10

hoo h;, hoi hij hoj, b3, hii B2, hi b,

) i)

In particular, the quadratic Lagrangian for scalars is given by

Mpla 9 _
Lo = 1 KMO + > hi, — (M + p) hi; — (2 My + p) hoo hi;
(3.4)
+2 (M + p) hi; + (M3 + ) h’121:| ;
with
2 =/
My = ¢ (Unx +2 gyx + Uyy) M, =% Ux , (3.5)
a a
4
M2 - —§ (UwY + UwZ + Uq—y + UTZ) 9
My, Uy _ ¢ U +Upy —a® Uy + U,)]
Ms ="+ 5 % My = 5 ;o (36)

evaluated at the background values of the operators (3.2). The EMT conservation at the
background level is equivalent to

o' —HA-3) P =0, ci=-——+-. (3.7)

Thanks to the above relations, it is easy to realize that for a generic U, at background
level, the following quantity is conserved

o= M21 (UX + Uy)

> ; ) ' =0. (3.8)



that we call background entropy per particle, see [8, 9, 13]. We will consider inflation in a
slow-roll (SR) regime for which

H 3 € D
=1—-—==(1 1 =—x1 ==, 3.9
€ T 2(+w)<< , n 67%<<, w 5 (3.9)
It is useful to introduce the following parametrization for & and the masses M;
b=— " M —4He? i=0,... .4 (3.10)
Mgl H2¢ '

in terms of the Hubble parameter H = a~!# (almost constant during slow-roll), e and
{¢;}; with

doce e M océ (3.11)
slow varying in time. The M, proportionality to € ~ (p 4+ p) is required by dynamical

stability (4.3), (4.4), while the slow varying condition ensures the plane-wave solutions on
subhorizon scales, as discussed in [9]. We will often use ¢? defined by

="(1+c2), (3.12)

]

instead of ¢3 and we will substitute 3 in terms of the adiabatic sound speed ¢2 that during
SR is approximately equal to —1 (see also (4.4))

-
Q=% =2(3-34+3¢ Q) =-1+0(c )

’1) ) (3.13)
c%z §+C%c§+§cg.

The cubic order Lagrangian L3 in the unitary gauge, at the leading order in the SR ex-
pansion, results

M? A
Splazxm{hoohgi [2¢ (83 (2 —1) +8cf — Mg +4) — 12] + By {e<8cg+62>+3]
2 (55 —3(c2+1) 2 2 2 2 16 \g
+hg; hjjlel26a 2\ —16¢ycy +8cf +16c3 — 2 3 + 3 +8) —12
I A
+hdo hii e<4c(2) (c§+1>—23—2>+3]—|—h00h?j [46(—20365—}—03—}—)\6—%1)—6}
[ Ao 4 8
+hoo h: 6<4cgcz—4c§+24—36—2>+3]+hkihijhjk [36(603—)\74—2)—8}
+hii b2 8—’\7—4(3c2+2c2+A +1) +6
ii 15 | € 3 2 3 5
3| € 2 _ _ _
+hd {54 (1683 — 9 A1 + 7225 — 32 A7 + 36) 1}
+ ho hij hjo [24 = 16 € (¢ + c3 :
0i i Njo elcf+c5+ N+ 1 ; (3.14)



where the {\;} parameters at the leading order in SR are defined by

eH? X\ = a2 Uppy,  €H*Xy=a""% (Upy + 3 Urny + 3Usyy + Uy

€H? Xy = a 375% (Upyy + 2Ty + Ubyy) s €H? Mg = a™572% Uy + Uy )
2 a?
eH" s = 5 (Ubwy + Upwy + Upry + Usry)
5 CLiSCg
eH" )\ = T (Uywy + Uywz + UyTY + UyTZ + way + waz + UXTY + UXTZ) ,
1 1
e H? )y = 5 Uz +Uuy). cH> g =a=273% (),  €H>Xg= g Uy + Uy,

(3.15)

and can be time dependent in general.

4 Power spectrum in supersolid inflation

It is useful to recap some results obtained in [9], focusing on the elements relevant for the
PNG computation done in the spatially flat gauge

¥ = @(t) + mo, o = + oy, 1=1,2,3,
ds? = a? [(~1+20) di* + 2dt da’ O,F + ;5 da' da? |, (4.1)
Yij = 0ij + hij hii = 0jhij = 0.

» efj(f{) hY in

terms of the circular polarization tensors €;(k) (p = +, x) that are traceless (ej;(k) = 0)

For the spin two field, in Fourier space, we use the decomposition h;;(k) = >

and transverse (f{zefj(f{) = 0). The scalars® ¥ and F have algebraic equations of motion
and can be integrated out in favor of the proper Goldstone modes my and 7y,. In particular,
working in a quasi de Sitter background in SR regime, they result to be proportional to
€ so that, at leading order, they can be neglected both in the quadratic and cubic action,
and no operator containing such fields will be shown. Expanding (2.4) at the quadratic
order in the fluctuations we get

) 82 (222 1+ 2
Ly = o' M H2 e [4 (¢ +1) (@p)? + ¢—'f;’ ™o’ — (CO;‘;JFCI) (Amp, mp)+
42 4 24a H (14 ¢3)c?
()0/21(817T0)2+4(1+2C§C(2)303) (ATFL)Qf (cp/ b) 1 mo Amp | +
a® M21
5 [(hly)? = Mea® B + (9ehiy)?| (4.2)
where A = 97.

2¥ is related to the lapse and F to the scalar part of the shift of the ADM formalism.



In the scalar sector, there are two independent propagating scalar modes that, follow-
ing [9], can be quantized by diagonalizing the quadratic action and implementing the corre-
sponding Bunch-Davies (BD) vacuum. It is important to point out that the parametriza-
tion (3.10) is more than a convenient choice but it is forced by stability and slow-roll.
Stability derived from (4.2) requires that [13]

My >0, —(p+p) <M <0, My >0, My > Ms; (4.3)

on the other hand, in quasi de Sitter, p + p ~ H?¢, thus M; ~ € H?. Now, the adiabatic
speed of sound (3.13) is explicitly given by
P a?(3My+ My — 3 Ms)

g 44
ﬁ/ 6 € H2 ) ( )

and during slow-roll is very close to —1. Thus, unless My, My and Mjs are precisely tuned,
the choice (3.10) is the only possible. Finally, notice that if 7y should play the role of an
inflaton field,? likewise 7y, then My ~ € H?.

The quadratic action (4.2) in the scalar sector describes two massless modes with a
kinetic mixing. To remove the mixing, one should set ¢ = —1 and ¢} = 2 ¢Z; unfortunately
stability imposes that M; and then ¢? to be negative, while My and then c3 to be positive.
Thus, the mixing between longitudinal phonons cannot be undone by a tuning of the
parameters. The diagonalisation of (4.2) is non-trivial and it is discussed in [9]. The result
is two independent longitudinal phonons with speed of sound ¢y and cgo.

An essential consequence of (3.10) is that by consistency, imposing that the {M;} are
time independent at the leading order in slow-roll and & is strictly constant, we get some
useful relations among the parameters. Namely

My ~O0(?) = Xg=—c2 (162 + \o);

7" =0 = M =8¢ (143c)+¢ o
My ~O(€®) = Xs=—cX¢; (4.5)
M3'~O0(?) = M=-8-24cct (14+c})—cS N

M, ~0(2) = ds=c (Ao—4)+6a 30+,

Finally we can express 0(2) and ¢? in terms of the diagonal sound speed parameters cy1, Cs2
and ¢y, according to [9]

2 = (cf —c2) (] — &)
)
2¢5 (cf — i) —2ch (—2¢5¢3 + ¢ +cf cdy) (4.6)
2= (2 — i) (] — ch)

75 A 22 2 7 3 -
—2cpci +op+cf (o + i) — 51 ca

Thus, the number of free parameters is given by the two sound speeds (cs1, ¢s2), the “gravi-

49

ton mass C%, the mass ratio cg and the entropic parameter & plus the ten parameters

3If Mo ~ H? then 7o is a spectator field and physics is completely different.
4The parameter ¢? is equivalently to ¢3 by eq. (4.20).



{Ai} of the cubic interactions constrained by the five relations (4.5). Thus we end up with
the following 10 independent parameters: {4, ¢, ¢, c3, cg, A2,6,7,9,10 . An explicit exam-
ple of a Lagrangian describing a supersolid where the constraints (4.5) are automatically
incorporated is the following

U=—-6H?+eV(b)+eUi(X,V, Ty, 72, wy, wz), (4.7)
we have defined the combination of operators
X =by, Y =by.

The term Uz in U can be called a background A-medium due to the fact that, at the
background level, has the equation of state of a cosmological constant

i="Pi. G =-L (4.8)
The perfect fluid V' (b) part has to be tuned to the specific functional form
V(b) = —4 H? log(b), (4.9)

to ensure the presence of a quasi de Sitter phase with an almost constant e factor

_3ptp _ 2
6(t)—57—€0+0<€0).
Thus, such a rather general Lagrangian automatically satisfies eqs. (4.5) and generates a
slow-roll regime with an almost constant e. More details are given in appendix F. Note
that in [27] and [28] we defined a bit different potentials named simply A-Media, char-
acterised by the fact that py + ppo = 0 worth exactly, not only on their background

value.?

An example of a supersolid that it is also a A-Medium, in our notations, is
Up (by, %, TV, Tz, Wy, wz). Note that the constraint M ~ O(e) is not satisfied
for Uy.

Let us come back to the description of the perturbations PS. One of the key features
in (4.2) is that m; — mo mix both at super and sub horizon scales.® As a result, any
scalar field &, resulting from a combination of 7 fields, can be written in Fourier space as a
linear combination of two independent annihilation (creation) operators a,(j) (ag) f,i=1,2

according with

1 i k-x 2 i 3 i) *x (2
€00 = oy [ e G-y Qa4 s @
1=1

® Another realization of an exact A-Medium is given in [29].

This is one of the important differences with the analysis in [14] is that the kinetic mixing was treated
as small. In addition, the authors set ¢’ = a which leads to a conserved background EMT only if ¢; = 0.
Such a value of ¢} is rather peculiar, as we will see in what follows. The correct implementation of the
Stiickelberg trick at the background level requires a non-trivial background for ¢° satisfying (3.7). In [30]
the analysis is similar but a non-minimal coupling between the scalars and curvature is also considered.



where [al(j), al (j)} = (27)36®)(k — p) §;; and the modes {§,(f) , 1 = 1,2} are two classical
solutions of the linearized equations of motion for £ with initial conditions at early confor-
mal time ¢ — —oo set by the choice of the BD vacuum. Thus, the two-point function and
the related linear power spectrum for £ reads

(e &p) = (27)* Pe(k) 0¥ (k + p);

3 k3
Pe = Wps(k’) 22

(4.11)

(167P +16217) =P + P

As discussed in [9, 28], reheating” is likely to process primordial perturbations produced
during inflation such that the initial conditions for the hot phase are determined by the
curvature of constant number density of lattice sites ny, given by the operator b. The
corresponding curvature perturbation related to the b operator is provided in the spatially-

flat gauge at the linear order by
k’2
Another important scalar field is given by the curvature perturbation of the constant ¢°

hypersurface, namely

Ryy = . (4.13)

/

The two above perturbations are closely related to the Goldstone-like excitations my and
71, that are the fluctuations around the VEVs responsible for the complete breaking of
four-dimensional diffeomorphisms during inflation. To figure out better their roles, notice
that Rr,, when the single-field breaking pattern is considered (absence of ¢® fields), tends
to coincide with R, the curvature of constant fluid velocity surface. Contrary, when only
the solid breaking pattern is present (absence of ¢"), the ¢, field tends to coincide with
the ( field, the curvature of constant energy density surfaces.
Finally, let us define

~ H
R = Eﬂé =R, — 3¢ HRn, . (4.14)
This last has no fundamental meaning, but it is useful to minimize the number of cubic
interactions.
All scalar perturbations can be written in terms of ¢,, R, and their time derivatives,
whose linear PS are given by [9]

2 2V2(,2 _ 2
pO_ (G- =) 5 s _pM (4.15)
oy (6 —ef) 2 (e — k) o n ’ ’
2_ 22
Py = (6 — ) P, PY =PY i ca o 4.16
Y A T R e T
together with the cross-correlation
2 2) (2. _2) 1 ) -
PO _plaimallee-g) 1 po  _ cpn gy
en Remo (1 —¢3) (¢t —c2y) ¢ n R ¢y CnRemo

"This is strictly valid in the approximation of an almost instantaneous reheating.

~10 -



Log[Px,, /Pc,1: &,.=112, cp2=-1 Log[Px,, /Pz,]: &.=1/2, ¢,?=0

ve
9 35
8
7 3.0
6 25
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4 1.5
: 1.0
p 0.5
0 0

0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9
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Figure 1. Log ['PRW /P, ] plot once ér, is set to 1/2. Note the Pr.,, enhancement particularly
important for ¢ = —1 case.

where expressions (4.15), (4.16), (4.17) are manifestly symmetric under cs; +— cs2 ex-
change. We have also introduced the power spectrum P of canonical single field inflation
given by

H2

= —u 4.1
87T2M§1€ (4.18)

These relations are strictly valid for cg = 0, —1 only, where analytic solutions for the (, /R,
modes can be found (see appendix D, eq. (D.5)). Thus, from here below, we will consider
the ¢, parameter fixed; while the diagonal sound speeds are conventionally ordered such
that 2, < ¢ ; moreover stability requires that ¢, < ¢? < c?;.

In particular, in the rest of this work, we will focus on the cg = —1 case. Our choice
can be ascribed to the higher R, sensitivity to low values of cg2, as it can be easily
inferred from figure 1. As deeply argued in the next sections, this will enhance the tensor
NG,? in the limit of small cs. We would like to clarify that formal results exposed in
appendices D, E and table 4 will be still valid for cg = 0, and differences rise only once
the cso expansion is implemented. In order to simplify the PNG notation, we define the
following dimensionless ratios:

) — @) W) PoRe, |
n P, P,
(9)

n

(4.19)
specifying how far from P, the single-mode component P>’ or the cross-correlations (,—
R, could be.

Considering that, during an almost instantaneous reheating, ¢, is continuous during
the transition and can be regarded as the seed of primordial adiabatic perturbations [9],
its PS is constrained by the CMB experiments and assumes the form:

P, =P + PP = % ~ 1077, (4.20)

where ¢, is an effective longitudinal sound speed® which can be read off from (4.15).

8 As well as the tensor power spectrum as argued in [9].
9We used a notation typical for the 2-point function in solid (and also in some single-field) inflationary
models [10] where it is present an extra factor 625 in adiabatic power spectrum, in our case cZS — 625.

- 11 -



One can show [9] that when 10 < 655 < 100, the supersolid is dynamical stable, cs; and
¢s2 are subluminal and the (;,, power spectrum is well within the PLANCK constraints [15]
by taking 10711 < P < 107!0. For illustrative purposes we set ¢, = 1/2 in our figures,
which maximizes the allowed (cs1, ¢s2) region.

It is important to note that when c,o is much smaller than ¢ and ¢, and P, is fixed,
the power spectrum (4.16) of R, and the cross-correlation (4.17) become dominant due to
the dependence on ¢4y (see figure 1). This interesting subset of the parameter space, besides
well reproducing PLANCK’s data, has very distinctive features for secondary gravitational
waves production [9] and for what concerns PNG as discussed in sections 5 and 7. We stress
that the asymmetry in between the two cs1 and cso parameters starts once we imposed that
only the PS of the ¢, field is the adiabatic/observed one, as predicted by the matching
conditions during an instantaneous reheating phase. It is this last condition that makes
the Ry, power spectrum sensitive to small cso values.

5 Cubic Lagrangian (spatially flat gauge)

Primordial non-gaussianity is due to the interactions among the various dynamical fields
during inflation and, at the leading order in perturbation theory, originates from cubic
terms that can be divided into interactions among scalars (SSS), gravitons (TTT), and
mixed ones: (TSS), (TTS). Thus the cubic Lagrangian can be split according to

L3 = £(SSS) +£(TTT) +£(TTS) +£(TSS) ) (51)

As we have discussed in section 3, there are up to ten parameters in the cubic Lagrangian;
we focus on the region of parameters where 2, < 1 that is probably the most interesting
from a phenomenological point of view. The enhancement of the size of PNG in the
operators containing 7 is due to the extra negative powers of cg2 in R, and in the cross-
correlation. It is convenient to associate at each cubic vertex a color code according to the
power!? of cg ! of the corresponding contribution to the 3-point function of ¢, and then

! are present)

to fnr as shown in table 1. The color code goes from violet (no powers of cgo™
to the red (highest negative power cs~8). Clearly, vertices labeled by a large wave-length

color potentially give a large contribution to the 3-point function.

1%Such classification is strictly valid in the case ¢ = —1.
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Color | ¢ 4" SSS TSS TTS | TTT
\Y% n=>0 ()3, (72 7L) (h72), (h ) | K27 | K3
B n=3| (momp7), (7§ np 7), (xh72) | hmonl, hwhmr | h? m)
n=>5 T L h 73
n==~6 w3, (mp? wr), (mhmomh)
R |[n=8 3
Table 1. Operators in the cubic Lagrangian (5.1) classified according the powers ¢.5', n =0,...,8
of the corresponding contribution to <§2>, in the limit ¢ < 1 and c?) = —1. When cg = 0 the ¢4
divergences are not as stiff as in the ¢ = —1 case.

By expanding the action at the cubic order, we find in the scalar sector at leading

order in e:11

1
L0559 = M2 H?ea’ { — — Omn7r (037 O, (V1 045 Ot Ormm + Va2 Oin Ok Oim

27
+V3 845 Okn Omi) — Oy, Oy, (Va 8it Oppun, + Vi Sin 1) |
1
+ 9—@/ [8i7r0 oy, &m’L (B 015 Oin + B2 05 Oin) — 7T6 (Bg BﬁrlL 8i7r’L

+0i7L, Ommr, (Ba 0ij Oin + Bs 04y 0jn))]
1
+ 37@,2 0;mo A0 Oy T, (Gl 031 Omn, + G2 dim, 5ln)

Ol 13 02
+S513 7o 3 S5/2

O3 R
7'['62 Aryp — 73 @/2 7T6 8i7r’LBi7r0 — ﬁ 7T6 0;To 81'7'('0} .
According to our classification scheme, for instance the vertex Oy (orange) gives a larger
contribution to the fyr, than G; (green) but smaller than R; (red). The above operators
are not all independent but can be related by total derivatives. For the violet operators we
have the following spatial total derivative

1
det[@ijm] = 6 (AWL)S —3Amyg, (&'jﬂL)z +2 8ij7TL8jH7TL0m'7TL, (5.2)

so that the V; form factors will appear in the following combinations Vo —2 V; and V3+3 V.
For blue operators we get the following total derivatives

1
5 01 (70 (ATL)? = (Bym)?) + 0 (mo (~ Ay Oy, + Dy, Dyy)) =
(5.3)

—_

5 7T[/) ((A?TL)Q — (81371'%)) + 0;mg (—AWL 617T/L + aijWL (9j7T/L> ,

that implies the presence in the observables of the following independent combinations
B + By, By — B1/2 and Bs + B /2. Cubic interactions among gravitons arise both from

" The normalization of the vertices is chosen to simplify the Lagrangian (A.3) written in terms of ¢, and
Rry, characterized by an almost flat power spectrum.
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the Lagrangian U and the Einstein-Hilbert (EH) action. We do not consider the TTT, TTS,
and TSS interactions coming from EH action (see for instance [3]), being subdominant with
respect to the ones coming from U during inflation. Finally, the cubic TSS Lagrangian
with a single graviton has the form

1 SS ss ss
ﬁ(TSS) = § MSI I{2 € CL4 hl'j [(Vft ) az‘jﬂ'L A?TL + ‘/2(‘5 ) 81'17TL ajlﬂ'L + Vg(t ) 317T,L 8j7T,L>

9 G(tss)

3 SS SS
_a (B;t )aﬂro 8]'7TIL + Bét ) 8ij7TL 7r6) — 7 0; o 8j770‘| . (5.4)

The TTS cubic Lagrangian with two gravitons reads

1 a / S S
ﬁ(TTS) = g Mgl I{2 ea4 hl'j hmn {&m 6jn (B(ttb) % — Vl(tt ) A7TL> — 5in VQ(tt ) 8jam7TL] .
(5.5)
The cubic interacting Lagrangian for gravitons is given by
M2
E(TTT) = TPIHZ 6a4 VT h”h]mhml . (56)

In appendix A, all vertices X = V, B, G, 0, R are given as functions of the derivatives of
the U Lagrangian. For the benefit of the reader interested in the details of the computation
of PNG, the cubic Lagrangian is also written in Fourier space in terms of ¢,, and Rr,. By
using (3.7) one has that ¢’ = al=3%% and the vertices generically denoted by X can be split
into a time-independent part Xg and a part proportional to & whose time dependence is
dictated by c% according to

X = Xo+ X, 6a304%) (5.7)

where X, is an X-dependent constant. The case cz = —1 is special, being the full vertex
time-independent. Actually, all the terms proportional to ¢ in the cubic action reconstruct
total spatial and time derivative terms, when the last relation in (4.5) is taken into account.
Thus, effectively we can forget about 6 as soon as we are interested in the bispectrum of
our adiabatic-entropic modes, see appendix B.

6 Effective theory description

To compute PNG, we need to expand the action at least at the cubic order in the perturba-
tions. Because of the action’s shift symmetry, each 74 field contains a least one derivative.
Focusing on the scalar sector, schematically an interaction term with n scalar fields'? will
be of the form

Ly ~ MUy ~ M3 H? A, (07)" (6.1)

where the n-th derivative of U with respect of its arguments U, is assumed to be pro-
portional to U ~ H? times a dimensionless parameter \,; typically )\, will contain a

2Here we do not distinguish between 7y and k7r.
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combination of slow-roll parameters. The kinetic matrix of the m fields has the general
structure given in (4.2)
K~e Mglm U ~e Mglmi H?,

where K;—g 0(2) for the my field and rk;—f, x 1 + c% for 7;,. By introducing the canonical
normalized field IT = (e Mgl ki U270, we get

2—n -z n _ (81_[)”
Consequently, we get for A,
Ap = An 703 (M H)? (1 €) 707 (6.3)

Depending on the value of A, there are at least two options: democratic and special. In
the democratic case A\, ~ Ae < 1 and all the derivatives of U are of order ¢ while in the
special case A, ~ A ~ O(1).

In both cases, the lowest cutoff A is obtained for n = 3

=

1 3
_1 1 3 "2 (M, H)2 (k;€)4  special
A=y (M B (ot = {0 M D)% L 6y
A2 (Mp H)? (k) €)3  democratic
As expected A is proportional to the cutoff scale Ay = /M m of Lorentz breaking massive

gravity in flat spacetime [5, 6, 12, 13, 31, 32] with the graviton mass m ~ H.

Note that in the democratic approach, the cutoff scale is higher. In solid inflation [10]
it was used the special approach and only a unique combination of derivatives of U is
required to be small by consistency with slow-roll, namely

a?¢’ (Uy +Uy) — Uy

€= ol < 1. (6.5)

In this paper we assume the democratic approach. By using (4.18) and (4.20), in order to
avoid strong coupling during the inflationary period, we require that A > H which gives

ki PUANT =103 &)/ A5 (6.6)

Take the more stringent case ¢; = —1. In this case ko ~ ¢ and £7, ~ 1 + ¢J; in the limit

5

cs2 < 1 from (4.6) we have ¢ ~ ¢y, ¢3 ~ c,. Thus, the most dangerous operator is a

cubic interaction with three mg; the absence of strong coupling implies

Co > 1071 &0 A5
) 1 (6.7)
> 0.01 A9 | éL:§,

that leaves enough space to explore the region of interest in the parameter space with a
sufficiently small cgo sound speed.
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7 Scalar bispectrum

Once the cubic Lagrangian is provided, primordial non-gaussianity can be computed evalu-
ating the various 3-point functions by using the in-in formalism. The computation is rather
straightforward, so we include some of the details in appendix C.

We will focus on the cg = —1 case, probably the most interesting case from a phe-
nomenological point of view; the reason for that is two-folded. The relevant scalar fields (,
and R, have an almost flat power spectrum when —1 < cg < 0 and for this particular case
one can work out an analytic expression for the modes defined in (4.10) that are essential
for the computation of the time integrals entering in the 3-point functions. The Fourier
transform of a generic 3-point function depends on the 3-momenta El, ko and Eg satisfying
El + Eg + Eg = 0. It is convenient to define the dimensionless parameter fyi, by'?

(Gulkr) Galk2) Ca(k3)) = (27)% 6P (k1 + ko + k3) Bk, k2, k3),
with

B(ki, k2, k3) = ngL [P, (k1) Pe, (k) + P, (k2) P, (ks) + P, (ks) P, (k1)] -

In the computation of B we have retained the leading order term in the slow-roll expansion
as in [10]. However, there are cases [33] where slow-roll corrections (7, 7, lapse and shift
next to leading terms) of the order

€ Nki y Nki = —log(—k:i Cs; te), 7= 1,2,3,

can give sizeable corrections, where Ny, is the number of e-folds at the time ¢; = (cg; k:l-)_l
of the sound horizon crossing of the i-th momentum, while ¢, is the end time of inflation. In
this work, for each momentum, we consider € sufficiently small to neglect those corrections.

7.1 Squeezed configurations

To avoid excessively long expressions, the main focus will be on the squeezed configurations,
the most constrained one by observations, see for instance [34]. In a squeezed configuration
we have |ks| = k1, < |k1| = kg, and 6 is angle between k1 and ks then |ka| = kg+ky, cos 6+
-« +. The bispectrum of (, in the squeezed limit has the following form

12 (g
BOYV = = G P (k) P, (ks) (7.1)

where fISISLQ) can be split into a monopole fyq and a quadrupole fo component

OV = fu+ fod, (7.2)

1
Yy = —y/é(l — 3 cos?0).
T

!3The traditional choice of the factor 6/5 comes from the following parametrization (local ansatz): ¢ =
(g + %fNL (Cg — <C§>) where (, is the gaussian part of the (-field.

with
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In our case the monopole term fuq is not proportional to ny — 1 ~ O(e) as in single clock
inflation, and actually fa, is in general of order €, if we consider the democratic approach.
Also, the quadrupole term fg is generally present and of order €.

As expected, the Maldacena consistency relation is explicitly violated being the sym-
metry breaking pattern different from the one of single-field inflation. The structure of
different 3-point functions in a squeezed configuration is similar as discussed in appendix D.

The structure of a 3-point function in the squeezed limit of fields almost conserved on
superhorizon scales and with a scale-free spectrum can be studied in general by extending
the procedure exposed in [35]. Such fields at large scales can be considered as classical
stochastic variables. The long “squeezed” modes can be incorporated in the background
modifying linear dynamics of the short modes. In other words, introducing a long-short
(kr — ks) modes splitting of the relevant fields, the effect of the squeezed components is
to generate sort of background fields whose effect is to give rise to a non-linear and local
correction of the 2-point correlation function.

In our case, in the scalar sector, the cubic Lagrangian is written in terms of (,, and
Ry, fields. The squeezing in the j-th vertex will be equivalent to

3)j 3)j 2) j, eff.
£](<‘,k):/jk// — El(iL)f(g —(ks"rkL) ~ gnkL (/Rﬂ'o kL) Ef{s)i(is-‘rkL)

(2) g, eff.
ks _(ks +kL

over kz, is understood). In the case of single-field inflation, there is only one scalar mode

which gives a contribution £ y to the effective quadratic Lagrangian (a convolution
given by the comoving curvature R and the effective quadratic action coincides with the
quadratic Lagrangian up to a rescaling of the spatial coordinates [19] which is a residual
symmetry of single-clock inflation in the limit k;, — 0

L3 5 L@t — 2@z 1)+ O (ORL), F=(1+Rp)a".

where R (z) is the long part of the comoving curvature.

The equivalence between £2 ¢ and the rescaled quadratic action is the core of the
Maldacena consistency relations [3], any deviation leads to a violation of such relations.
By looking at the following ratio

Q= EQ:&T#—M)
E(Q)J
ks —(ks+kr)
we can predict the nature of the consistency violations.

Namely, an eventual time-dependence of Q7 can be related to the scale dependence of
fnL in the squeezed limit producing possibly dangerous interactions. This is never the case
for ¢ = —1.

Still, the residual dependence on momenta directions, also related to the vertices’
derivative structure, can give primordial anisotropies that can be very interesting from
a phenomenological point of view. In general, fnxr, will be not suppressed by slow roll
parameters and, as discussed above, with several features rather different from single-clock
inflation.
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Let us now focus on the region of the parameter space where ¢y, cs1 < 1, while ¢ < 1.
As shown in [9], in such a region, the secondary production of gravitational waves can
significantly boost the tensor power spectrum enough to enter the sensitivity region of
LISA. From (4.19) and (4.6), we have the following expansion

A5 A5
m _ CL @ _¢ 1 —2
rio=—+0(cs2), 0= 5 = +0(cs),
L/o Cgl ’ Ljo 021 022 ’
W _ & (@) &,
o = 5 + O(cs2) , re) =1- > + O(cs2) ;
sl sl
1 e
2 1) .3 5.
Co = _2031 < - %) Cs2 + 0(032)7
1 >
2 sl 5 7
ci=—|1— =% |co+O(cs);
1 Cs1 ( Ci) s2 ( 52)
3
5 = Z(l +¢) + O(chy) ;

(7.3)
we have set ¢ = —1, and &} has been defined in (4.20). By using the above expressions,
one can compute fyr, for the bispectrum of (,; the result is given in table 2.

-5 2. _5¢ 2y 1
@) (%2 ) e (G1 + G cos(6)?) =
= 210 & A10
0(6i5) | RiRmo Cat B H Os - | Riy260: 3502 %
= ~10
O (08_26) Ry 3 % E&; 01 C%
s 52
Table 2. Bispectrum of (,,: fni, for a squeezed configuration and cgo < 1.
We have introduced
b5 (L y B =2 Ba+ Bs + (By + Bs) - (7.4)
- 216 cgl cgl ’ mix — 4 5 4 5 4621 . .

In each line of the table, we show the leading contribution in powers of cs to fnr, for
the bispectrum of (. The values of the vertices of the cubic Lagrangian are given in
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appendix A. The total value for fyy, is obtained by summing up the various contributions.
Let us comment the results in the table. Taking for instance fyr, of the bispectrum of (,
and set cg = —1. For what concerns the wave functions of ¢,, R, and their time derivative,
we can deduce the following leading order behaviour in the small parameter cgo

1 1 ~ 1 1
Cny €}, ~ const., R, ~ -, R;O ~ 5, R;O ~( ) )5 (7.5)
Cs2 Cs2 Cs2 Cs2

Note that for the 7%;0 field (as defined in (4.14)) there are two competing contributions.
Given that the cross-correlation T(L2/)O ~ ¢ (7.3), the dominant contribution to fy, is given

by the vertices with the greatest number of R,. A number of features follows.

1. The contribution to fr, of violet vertices, typical of solid inflation, is little sensitive
to cs2; indeed, in those Ry, is absent.

2. Blue vertices have a single R, and contribute to fnr, via the cross correlation term

(2 -3
TL/O ~ CS2 .
3. vertices and vertices, with at least two Ry,, contribute with a cross

correlation of the form rg/)OQ ~ 0;26.

4. A vertex 7@;03, even if it has three ﬁwo contributes as r(LQ/)O?’ Cea® ~ 0_26;

5. Similarly, the red vertex can be rewritten as 75,;0 R2 and contributes as r(L2/)03 Cso ~

c,5 and is the dominant one.

Clearly, in the deep cso < 1 region, the contributions from red, orange and green vertices
tend to be very large compared with the experimental bounds. We come back to that in
section 9.

In appendix D the reader can find total squeezed expressions valid for any value of
cs2, where the contribution of each vertex O is factorized in an angular part and in an

)

angle-independent part M Plots of the size of the above contributions are given in

appendix H.

7.2 Equilateral configurations

Proceeding as for the squeezed configuration, the expressions for fyr, in the equilateral
configuration read

e _ 5 Bo 193
NL 18 Pcn(k)Q’ l ? < .

Results in the case cgo < 1 are given in table 3, where ¢ and - parameters are defined by

5
. 5(243% +29) .
5 ¢lo &5 &S < E >clo
§=——— L |9g3 5L (25t 4 1) — 23], =_ L L 7.6
2592 cl? [ & ( & 7 1296 o (10
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) 2.
O(ch) |G & (-Va+2V3+8V1) | (a2 2 (2Va— Vi)
-3 / . (4C 1+éi)cL (2B1—B3)
0o (632 ) Cn Rwo <n~ ;2 cgl 90;552
-3 5/ . _5¢°Bs 3 / 2 5(4Cs1+CL)CL (4B4+Bs)
v (C$2> Rorg Gt 24cT, Cs2 R 167, 9¢c3,
-6 2 . 5¢p(Ga—2G1) 1
0 (052 ) Gn Rong’ 12¢8 &%
O () | Ry Ry (it 5 0y S L RL 2o 2005
$2 7o Sn: 12 Y3 RN 9 SNt 2 g‘ 32
~ ~10
—6 /3. 1490 A &0 1
O <CS2 ) Rﬂ-o 81 O1 Sy %
~ 10
8 / 2 170 ¢p, 1
O () | Ry Rag®: — 12 %R3

Table 3. Bispectrum of (,: fnr for an equilateral configuration and cs < 1.

Note that the green interaction (, RZ_, in the equilateral configuration assumes an

7r07
orange behavior being the fyp, proportional to 05_26. The same holds for the orthogonal

shape

whose results are very similar and we do not report for brevity. In section 9 we check that
experimental constraints on both equilateral and orthogonal shapes can be satisfied.

8 Tensor bispectrum

Let us now study 3-point function containing at least a tensor. We do not consider vertices
coming from the Einstein-Hilbert of the action as discussed in section 5. Before proceeding
let us recall the expression for the two-point tensor correlator

Pr(k
(eh) = @) Pu(k) 300 +p) . Py(k) = (27%) T00E).
with Py, the gaussian scale invariant tensor PS whose expression is
H? 8 2 2
=——— (—Ht)52k>L ~ 4¢P. 8.1
Pn 92 Mgl ( )3 eP (8.1)

As shown in [9], when cso < ¢41, the secondary GWs production tends to overwhelm the
primary one in the small cgo limit. The same mechanism gives rise to the TTT and TTS
one-loop correction (work in progress). This last one will be naturally dominant in the
same limit where the secondary PS dominates. In this work, we limit our analysis to the
three-level contribution, whose expressions in the TTS and TSS cases can leave sizeable
and very interesting signatures. In the following sections we give explicit expressions for
three tensor correlators

(i, i, Dy) = (27)° Biigiy 6(ky + ko + ks) ; (8.2)
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two tensors and one scalars

(ks hiy Biky) = (27)° Bripg (ke + ko + ks) ; (8.3)
concluding with one tensor and two scalars

(Cuta Coks By) = (27)° Bgg 6(ki + k2 + ka). (84)
8.1 (T'TT)

Let us start with the 3-point function with only tensors. From the cubic Lagrangian (5.6),
we have that the relevant vertex coupling reads

9
VT=§(1+c%)—2A7. (8.5)

Thus for (h h{, hj.), by using (C.15) and (C.16), we have

3 P 49 _r
Py €ij € ly

ng’%; = 47T4 Ve ? W 5p,q,r Ih3 > (8'6)
where
Iys :Zkika‘_ﬂiki+zk? [1 =37 —log(—krt)], k=3 ki (8.7)
ij i ‘
and 1
Op.gr = 3 (Opg + Opr + Org) - (8.8)

The corresponding fnr, in squeezed limit is very suppressed and reads
1
N = 9\% Spar Vre(37e — T+ 3log(—2kst))sin(0)* ~esin(f)> < 1. (8.9)
8.2 (TTS)

Consider the 3-point function of the form ((,, hy, 23> In the democratic approach,

two cubic vertices are dominant: hhwy and hhm; see (5.5). The computation of the
bispectrum is done by using (C.12) and (C.13).

« For the h2my, vertex we get

2 4 P P(a) i ,.J
(1),rs _ N~ 167 h "¢ r s (tts) K1 K1 1 (tts)
BTTS = Z 9 € kT (kl kQ k3)3 Eik glj <6l7, 5/6] ‘/'1 S) _ 5kl H2 V2 S ) Ih2 L

a=1 1
(8.10)
where we have rescaled the momentum of the scalar field and defined the total rescaled

momentum kr

lecsakla kT:Ii1+k2+k3, a:1,2; (8.11)
and
3 3 3 3
Tpop, =K1+H6 D ki+367 > ki +r1 > ks (7 > kP - 4111_21@)
=2 =2 =2 =2 (812)

3 3 3
Sy (nk 4 Zkf) ke SO (e + lo(—kr ).

=2 =2 =2
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e In a similar way, one can compute the contribution from the vertex h? s

2 4 (a)
8(2),7',3 _ Z 167 B(tts) P s Ph PCanO Zh2

P 5. 8.13
TTS = 3 65” 1J kT (k:l k2 k3)3 T 7 ( )
where
Ihz,,o_mﬁlek +3K%Zk2+3k¢q~2k3 log(—krt) (8.14)
=2 i=2

3
+ (Z k) (H;;”/@- ki(37e — 1) + (4 — 37) Zkf)
=2 1=2
3
(3112# okiki +(T—3%) > _k )

1=2

In the squeezed limit, when the scalar momentum k; (see eq. (8.3)) is squeezed, the domi-
nant contribution is the one from the h% 7)), and has a characteristic blue operator behavior
with the presence of a single scalar cross-correlation, while the k277, contribution is pro-
portional to P, ; namely

(1) (2) P
Br1s P x B o enRmg e, (8.15)
Pu(ks) P, (kL) |, P Ph(ks) Pe, (kL) o P
Let us define fnr, for the TTS bispectrum as
1 B’?%‘S(kla k?a k3)
S—— ) 8.16
115 =5 22 By (hs) P, () (316)

By squeezing along the scalar direction and keeping only the dominant blue vertex, we get
the following expression

1
frrs = —36 B [34, — 7+ 3 log(—2kgt)] €rr - (8.17)

In figure 10b, we show the logarithmic plot of the dominant Abs [frrg]. In this extreme
case, setting B ¢ to one, the frps can get as large as 10475 for ¢go ~ 0.1.

8.3 (TSS)
Finally let us analyse the 3-point function (G, x, Cnky Pks)-

As for the T'TS case we can define a sort of fyr-like parameter in order to understand
what is the typical strength of the TSS Bispectrum.
Thus, with the frgsg symbol we mean

frss = k3 k3 (8.18)

(272)2 Pr P,

where k3 is the momentum related to the tensor field A, while ks is one of the momentum
related with the scalar field ¢, as presented in eq. (8.4). Consider a typical interacting
TSS term

Lids ~ X M2 H? e (k) - D(k, K, k") hz i
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where the generic scalar fields §;, & stand for any among ¢, R, and their time derivatives.
Thus, the TSS i—j interaction also selects the possible color related to the specific vertex.!4
Manipulating eq. (C.10) one can demonstrate that such a parameter can be described by

a very compact formula

2
i—j 1 l m i—j
fid = | §£1 X P Sk, ko, k) Re [1),7]. (8.19)

where

(8.20)

The scale dependent factor S describes the structure in polarization and spatial derivatives
provided by the particular interaction

S = Es(k‘l) D(l{il, kZQ k:g) . (8.21)

For all our interactions, the S function does not depend on the polarization s, thus the
fnp-parameter defined in eq. (8.19) does not depend on s and coincides with the average
on the two polarizations.

Finally, a shape integral needs to be defined:

. te
Ly =i /_ dt a(t')" fa(—kt') [fi(—kacat) fi(=ks comt') + (ko > k3)] . (8.22)

where the shape f; functions are given by

i(—cakt)
i(—cg kt) = — . 8.23
fz( ° ) hmk t—0 fi(_csl k t) ( )
When ¢ = —1, 0, the f functions have a simple Bessel-like form, in the other cases a

numerical computation of I, is needed. Note that eq. (8.19) is valid if and only if S is
symmetric under exchange of the scalar momenta, and this is always true in the squeezed,
equilateral and orthogonal shapes. In particular for the squeezed limit k; — kr = kr,
ky — k¢ = kg and k3 — ks + kg, cos(6)

S(k‘l, k‘g, ]{33) — S(k‘l, k‘g, /€2) X k‘L COS(G) — 0. (8.24)

We now need to compute five TSS vertices contributions: h7%, h ) mo, hn? and hnj.
Looking at vertices spatial derivative structure and contractions with polarization ten-

sor, one can easily get that the orthogonal limit always vanishes, i.e. S(k, k/2, k/2) = 0.
Defining the following 2x2 symmetric matrices

l 4 3 2 2 3 4 l 2 2
C4m = Cg + Cg Com + C Cmy T Csl Cgn T Coy s CQm = Cg + Csl Csm + Copy 5 (8 25)
Cimzcsl"i_csm: l,m:1,2;
141f 4 — j selects two Rr, fields we may have an or vertex; only one Rr, field implies a blue

vertex; no R, field implies a violet vertex.
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we get the shapes defined in table 4, while the equilateral formula are very similar and
reported in appendix E. Note that each vertex is classified with our color-code, starting
from wviolet (asymptotic frss of order %) arriving to green vertices (asymptotic frss of
order 0;25). In tables 5 and 6 the reader can find the asymptotic cso < 1 of squeezed and
equilateral frgs.

BG | S (V) V) S G L0 singop?
h ¢, - 212, m— Vg,(tss) %‘% g%—: E%' Tél) rém) sin(6)?
h(n' Ray ZIQ, me1l B%tss) 30315 g—,%; é— réln) r(Lr% sin(6)?
h 7@;0 Cn — Elz m=1 Bétss) 3% %:; % 7"2% réT) sin(6)?
h Ry’ — 37 ey GO % g%_m E%’.: T(L% T(L% sin(0)?

Table 4. Squeezed shape for frgs.

5 sin(6)?2
O(c7) | RRE,: —3Gltss) sl L

¢
Cs1 Cs2

Table 5. Squeezed frsg for cso < 1. We set V2(isls) = (Vl(tss) - VQ(tSS)>.

25
O (c7) | hRE,: ~G& F - 3

Table 6. Equilateral frgg for cso < 1. We set Apoq = (37 + 3 log(—kt) —4).

9 Phenomenology

9.1 Solid vs. supersolid

Before giving an overview of primordial non-Gaussianity for a supersolid, it is interesting
to briefly recap the main differences with solid inflation introduced in [10]. At the linear
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level, in the instantaneous reheating scenario, the adiabatic power spectrum transmitted
to the radiation phase is pretty similar.!® Indeed, we get [9]

Solid : Pao|Rad ~ Pe, =P (9.1)

€

‘i

) 1

Supersolid :  Po|raa ~ P¢, = P@T” ; (9.2)
L

with &2 defined in (4.20). Isocurvature perturbations are very suppressed (of order €(,).
The crucial point is the fact that instantaneous reheating for a supersolid effectively almost
filters out non-adiabatic modes. Isocurvature modes have a much bigger amplitude but are
mostly dissipated during the transition. Such a modes, particularly the ones related to
o, are the main sources of the non linearities during inflation, affecting the scalar and
tensor power spectra and bispectra. In solid inflation there is a single scalar mode 7, no
isocurvature perturbation is present and all non linearities are due to the single mode whose
amplitude is small as dictated by observed scalar power spectrum. The main difference
between the two models resides in the presence in a supersolid of two independent scalar
modes 77, and 7y with intrinsic mixing in the quadratic Lagrangian. Upon a non-trivial
Hamiltonian diagonalization procedure, one gets the power spectra of ¢, and R, (trivially
related to 77, and mp in the flat gauge). While, given the reheating adopted, the power
spectrum of (,, is strongly constrained by observations, this is not the case for the one
of Ry, that can be significantly enhanced when cgo is small triggering sizeable differences
with solid inflation at the level of non-Gaussianity and power spectra non linear corrections.
The different non linear structure of solid and supersolids implies that not only the size of
non-Gaussianity is different but also its form.

o The linear PS for tensor (gravitational waves) gets important corrections from the
secondary production that can become of the same order or even dominant. As a
consequence of the presence of 7y in a supersolid not only can enhance the amplitude
of the GW produced during inflation, but induces a blue tilt of the PS. A blue tilt
makes the PS to grow as k"' for large k values and potentially can enter in the
LISA, DECIGO and ET sensitivity region. The secondary production originates from
the pure supersolid interaction G(t) ORy, ORnr, of green type. In [9], the correction
to the linear tensor PS was estimated to be

1 2
Phlonetoop ~ = G52 72 £ Pr. 2. 9.3)
2 Cs2 0
While for solids the tilt tends to be suppressed by the slow-roll parameter ¢, for the
supersolid we get
np—1=12(1+c}) +12cie+27. (9.4)

When €, n < (1+ cg) we naturally get a conspicuous deviation from scale invariance
toward the blue.

15At the first order in perturbation theory, the distinction between special and democratic is not very
important: the dynamics is determined by the masses {M;} that are of order € in both cases.
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e For bispectra in the scalar sector there are important differences between solid and
supersolid inflation. Consider a squeezed configuration. While in solid inflation, if
the special approach used in [10] is considered, a pure quadrupole term is present,
in a supersolid both a monopole and quadrupole term are found. The above can
be interpreted as the indissoluble presence of a fluid component (responsible for the
monopole term) and a solid component (that induces a quadrupole term). In addition,
a monopole term is induced by the supersolid operators wy,z and a quadrupole term
by superfluid operator y. It is worth to stress that the size of non linearities in
supersolids can be enhanced up a factor 1/c%, for small cgo.

e For a squeezed shape in the bispectra of the TSS sector, we get the same angular
structure for both solids and supersolids

SQ ¢ ¢
118 ~ (5;;L 'ks) ks .
For a supersolid, the amplitude can be enhanced by a factor 1/ c§2 for small c4o.

o Finally, for the bispectra (squeezed shape) in the sector TTS both a monopole and
a quadrupole are present; namely

- \2
5Q
fTTS ~ EES 'EES, <€ES : kL) .

While in solid inflation their size is similar, for a supersolid the monopole gets en-
hanced by a factor 1/c3, for small cgo. This leads a characteristic signature of super-
solid inflation: the non-linear and local corrections to the tensor PS that becomes
rather different from solid inflation, as discussed in [36] where TTS predictions for
the standard solid inflation [10] scenario are compared with another “isotropic” (in
the sense that the frrg gives a monopole) model [37].

9.2 PNG scenarios in supersolid inflation

As it is evident from the previous analyses, the amount of non-gaussianity generated by
supersolid inflation can be important. As already discussed, the presence of entropic
perturbations with a sizeable amplitude (during inflation) generates not only noticeable
non-gaussianity but also important non linear effects as secondary gravitational waves pro-
duction. Clearly such enhancements can become leading for observables that start tiny at
tree level, as it is the case for the gravitational sector. Related to this problem, as already
discussed previously, it will be interesting to check the amount of non linear corrections
that could in principle enhance or leave a peculiar angular and scale dependence to the
primordial tensor PS. In particular the presence of important corrections to frrg are ex-
pected to be related to sizeable non linear and local corrections to the tensor PS. Similarly,
important corrections to fsgs and frgg are expected to non linear correct the scalar PS.
Such a program is under study.

So, let us come back to our “tree level” evaluation of the bispectra. Recalling that
stability of the model gives the constraint c¢g; < ér, < c¢s2 (we fixed for convenience é;, =
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1/2), as one can infer from the figures in section H, we can discriminate two main regions
in the (cs1, cs2) space parameters.

An intermediate region where cso is not too small if compared to c¢s1 (cs2 < ¢s1), and
an other region where one of the two diagonal sound speeds is very small, cso < cq1.

In the first region (cs2 < ¢s1), almost all the cubic interactions classified in this work
equally participate in defining the total fxr-parameters for SSS, TTS and TSS interactions.
In this case, some of the main sections’ results need to be substituted with their total
expressions given in appendices D and E. In particular, for the purely scalar sector, we
have a summation of several terms that have to satisfy stringent constraints in the squeezed
limit [34], and this can be easily achieved by adjusting our free parameters. At the same
time, setting the coloured X-couplings to one as shown in figures 10b, 11, 12 and 13. The
TTS and TSS fxr, can easily achieve values of order 102 for ¢,3 around 0.3 making supersolid
inflation an interesting model. A more quantitative and accurate analysis of this region is
left for detailed future work.

The main motivation to consider the region cgo < 41 is the possibility to enhance
via secondary production the gravitational waves boost during inflation driven by a super-
solid [9]. Following the same line of [9] taking cs2 < 1 we will argue soon how to maximize
the mixed scalar-tensor fyr, parameters.

Let us start in the scalar sector for which f( Q) (squeezed configuration) is better
constrained by CMB observations, applying a vertex by vertex analysis and analyzing the
figures 7, 8, 9, 10a we can desume the following features

e The contribution of violet operators to fNL has a minimum in the region cs; — 1
and cso — 1/2, while the maximum is attained for cg; — 1/2 and ¢ — 1/2.

e The contribution of the remaining operators has only a minimum in the region cs; — 1
and cso — 1/2 and diverges in the limit cgo < 1.

Once we impose that | flgSLQ)] < 10 for each vertex contribution, the results are the following
absolute bounds for the couplings:

|Vi2,3] <107, |Vas| < 4600, (9.5)
|B1,2| < 18, |Bss| < 3.6, | B3| < 72,
’GLQ‘ < 2.3, ‘03’ <9, ‘02‘ < 1.8, |01| < 0.9, |R‘ < 1.1,

When cgo < 0.1 the constraints are much stronger:

’Blg‘ <23652, ‘B45‘ <236527 ‘Bg‘ <49 6‘2’27 ’GLQ‘ §51075 P
|O3| <0.02¢ CsQa |02| < 0.01 6527 |Ol| <6.1 10_ 52, |R| <55 10_4 C

P :<032>
2= \01/"

An interesting way to classify the vertices is to divide them into two main classes: operators

where we normalized cgy as

compatible with a fluid or superfluid medium and operators compatible with a solid or
supersolid medium, as shown in table 7.
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2 =—1, cso=0.1 | fluid/superfluid | solid/supersolid 1(\?’1(?) <10
Operators b, vy, x Ty/z , Wy/z
Ly x A2, 10 g7
A6
R, 01,23 G1,2 <1074+ 72
Couplings B3 Bi 245 <100+1
V1,2,3,4,5 <10%+3

Table 7. Operators in the cubic SSS Lagrangian classified medium-wise.

The operators b, y, x pertain to a fluid or a superfluid, 7y, characterize solids while
wy,z supersolids, see [9]. The couplings in L3 are derivatives of the Lagrangian U with
respect to the operators (2.5) and can also be divided according to their presence in the
cubic Lagrangian of a fluid /superfluid and or of a solid/supersolid. Last but not least, only
the coupling A\g depends on second derivatives with respect to operators characterizing
both fluid /superfluids and solid/supersolids. As a result, a generic vertex can be ascribed
to a specific class of medium. In the table 7 it is shown the contribution of a vertex to fIETSLQ)
when flslsLQ) is set to be < 10 and ¢4 ~ 0.1. The result is that R, O, and G operators are
rather constrained and very sensitive to the “portion” of fluid/superfluid of the medium.

Thus the result is clear: if we want to enter a region with small enough cso values, we
have to mitigate the squeezed red, orange vertices typical of the fluid /superfluid component
of the medium to avoid too large contribution to fIEISLQ).m

In this way, we can have the non-gaussianity in the scalar sector completely under
control and entirely constrained by PLANCK results [34], and at the same time to be able
to get a sizeable secondary tensor production (of the same order of the primary one or even
dominant) as described in [9] and to maximize the TSS/TTS primordial non-gaussianity.

Let us give one among several descriptive examples. Consider A\ 10 free parameters
as slightly cgo-dependent. The remaining Ag and A7 as purely constant parameters. These
last ones are defined by w-operators, playing a crucial role in the tensor sector. By setting
the Ag6,10 parameters as in figure 2 (explicit expressions are given in appendix G), and

expanding the total fnr, squeezed in cgo we get

D = Fu(esty Aoy A7) + folcst, Aoy A7) Yo + O(ca2) . (9.6)

16This is not a case. Indeed, these are the elements with a high number of mo-fields typical of fluids only.
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W 0.30 y/ 0.40 2
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-4l

-6+
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— A7l
— Ag

Figure 2. Plot of the particular A2 67910 functions used to make the total squeezed f1, slightly

dependent on ¢4 in a region cgo < 0.3.

For instance, in this particular example (see appendix G) we reproduce a solid-like

SSS scenario where fg is set to an optimal value around 10 for small cgo values as it can

be inferred from figure 3.

L)

3.0 *‘
2.5+
2.0
1.51
1.0
0.5

0.0

fNL(?‘Q) eL=1I?! cs1=1, ‘Cb2=-1 ‘

0.05 0.10 0.15 0.20 0.25

10.0

-2.5

-7.5
-10.0

Figure 3. Plot of the total squeezed fni, with Ag = 0.05.

At the same time, with the same parameters, we verified that the total equilateral and

folded fnr, assume values between 0 to 60 in a large range of the cso parameter as shown

in figure 4, and the situation is almost unchanged varying c,;.'” In order to not have an

excessively high equilateral/folded shape, we are forced to take A9 between 0.1 and 0.01.

1"We used the A\ parameters appearing in red and orange monopole to compensate the squeezed green

vertex. Consequently, the equilateral/folded shape is of green type (O(c;y)) at maximum.
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-100-

Figure 4. Plot of the total equilateral and folded fni, with Ag = 0.05. The red zone is the region
| fnL| < 60, considering the constraints flﬁQ) ~ —4+50 and fIEI};D) ~ —26 + 21 at the 68% CL [34].

With this particular choice, we have the possibility to access to an interestingly small-
cso region whose effect is to enhance the frpg and the frgg parameters as it can be deduced
by figures 5.

fiss 1. A = 2_
Log[] Sin (6)2 II: &.=112, ¢,*=-1 Logl|frrs1: €.=1/2, ¢,?=—1

0.30

5.0
4.5
4.0
3.5
3.0
25
2.0
1.5
1.0

o

Cs2

W A OO N OO =

0.5 0.6 0.7 0.8 0.9 1.0 0.6 0.7 0.8 0.9 1.0
Cs1 Cs1

Figure 5. On the left the dominant h R~ fni-like parameter with sin(6)? set to one and Ag = 0.05.
On the right the dominant h? R, fxi-like parameter with e set to 1, and kgt ~ 1075, For instance,
considering € ~ 1072 we get f(TT5) of order 10%/10* in the region ¢, ~ 0.1.

Note how, taking Ag relatively small, the dominant frgg contribution is always between
10 = 103 in the region (cs2 ~ 0.1-0.2, c51 ~ 1) in agreement with the current WMAP con-
straints [38], while the fprg parameter is even more enhanced thanks to the A\g parameters
(~ 105 € if Ag ~ 1072+ ~1). Finally, the TTT fyr, is well within the PLANCK constraints,
being the Vp parameter almost untouched by this parameterization and defined by A7 and
cr, only (see (8.5)).
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10 Conclusions

A considerable effort is devoted to search for signatures of inflation by studying the CMB
and the large scale structure of the Universe. The progress in detecting GWs and the
forthcoming space interferometer LISA give new opportunities to test the physics of in-
flation, and more in general, the early Universe on scales very different from the ones of
the CMB [39-41]. In this context, primordial non-gaussianity can be used to distinguish
single clock inflation from multi-field models. Specifically, in single-clock inflation the 4D-
diffeomorphism of GR are broken down to the 3D-diffeomorphisms of the constant inflaton
field hypersurface and non-gaussianity is tiny [3], the production of gravitational waves
tends to be suppressed for modes that re-enter the horizon during radiation domination,'®
making almost impossible the direct detection by LISA [42-45]. We have studied the
physical impact of a change of the symmetry breaking pattern during inflation. By using
effective field theory based on four Stiickelberg-like scalar fields, the complete breaking of
diffeomorphisms down to a global group can be described in terms of a self-gravitating
supersolid computing fnr, for squeezed and equilateral configurations extending the results
of [9]. Let us schematically highlight the main differences among single-field inflation, solid
inflation (democratic approach) and our supersolid inflation model.

1. Symmetry breaking pattern: broken time reparametrization in single field inflation
(one scalar DoF), broken spatial diffs. in solid inflation (one scalar and two vector
DoFs), completely broken time and space diffs. in supersolid inflation (two scalar and
two vector DoFs).

2. Graviton “mass term”:!? massless in single field inflation, massive in solid and su-

persolid inflation.
3. Perturbations

o Single field inflation: ¢ and R equivalent at superhorizon scales and reheating
independent.

e Solid inflation: ¢ and R not equivalent at superhorizon scales, weakly time
dependent a~3%€ and reheating dependent.

o Supersolid inflation: two independent scalar perturbations Rr, and (,. The
former is the analog of the comoving curvature perturbation in single field infla-
tion, while (, is the analog of ¢ in solid inflation. In the instantaneous reheating
approximation, (, determines the primordial seed of adiabatic perturbations,
while R, is mostly related to entropic perturbations.

4. Bispectrum of ¢, in a squeezed configuration.

e Single field inflation: a tiny monopole term, fli% ~ O(e).

18This is a consequence of the red-tilted spectral index for tensors in single-field inflation.

9The presence of the term ea* Mgl H? h?j in the gravitational action (4.2), becomes a “mass term”
once we reduce to Minkowski space (this is the origin of the denomination “mass”). In dS space its presence
introduces a mild time dependence (a_%‘c§) for the superhorizon power spectrum of the gravitational

waves.

~ 31—



 Solid inflation: a sizeable quadrupole term, fs(ﬁ ~ O(1) YL(0)

e Supersolid inflation: sizeable monopole and quadrupole terms, fﬁ% ~0() (#1+

#2Y7(0)).

It is evident that the violation of the consistency relations for solid and supersolid
inflation is related both to the magnitude and the angular structure. While in solid
inflation, an angular average restores the consistency relation [46], this does not
happen in supersolid inflation.

5. When the sound speed of scalar DoF is small, the corresponding power spectrum and
fS(S in a squeezed configuration scale as
« Single field inflation:? Py ~ é, 138 ~ é
 Solid inflation: Py ~ %, 13(3 ~ é

. . 1 1 1 SQ 1 1
L] Supersohd lnﬂatlon. PRT‘_O ~ g, PCn ~ g, PCnRWO ~ 57 NL ~ %, e

el
As it is evident, the main difference between supersolid and the other two alternative
models (single filed and solid inflation) is the presence of two independent modes with
phonon-like dispersion relations and a kinetic mixing present throughout the inflationary
period. By studying the relevant 3-point functions, we have shown that the form and size
of primordial non-gaussianity are very different from single-clock inflationary models. The
most general supersolid produces a considerable enhancement for all sectors (SSS, TTS,
and TSS)?! in the small ¢4 limit. Thus we have essentially two main possibilities.

e Do not tune the free parameters. In this case, we cannot consider values of cgy too
small, effectively reducing the allowed region of the parameters c,; and cs2). Contrary
to solid inflation, monopole and quadrupole fﬁ% terms arise, violating the Maldacena
consistency relation in the SSS, TTS and TSS sectors. Getting the enhancement of
GWs during inflation is more difficult.

« We have enough free-parameters, to mitigate the too-large contribution to fr, of SSS
green o« O(cgy ), orange o< O(cy) and red o« O(cgy’) vertices in the small cgp limit.
In this case, we can have an interesting enhancement of the TTS and TSS sector;
indeed the presence of the w-operators, specific of a supersolid still gives

frss o< O(csy), frrs o< O(c3).

The former could leave a signature in LSS next-generation experiments, giving a
specific imprint?? on the distribution of galaxies [33, 48, 49], while the latter could
play a crucial role in the generation of anisotropies of the gravitational waves back-
ground [36, 37, 50, 51].

20Tn this case our prototype is the P(X) model [47].

21The same is true for the TTT sector if one considers one-loop corrections that will be studied in a
future work.

22The same mechanism is used to compute anisotropic corrections due to non-Gaussianities in the SSS
sector; for solid inflation see [17, 35].
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We also mention that in this paper we suppose a suitable number of e-folds needed to
solve the horizon problem in order to avoid the issue with statistical anisotropy discussed
in [17]. Regardless of the choice made, supersolid inflation is a very interesting model
whose features could be tested in next generation experiments probing the early Universe.

Note added. After the completion of the present work the preprint [52] was posted with

some overlap with our results.
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A Cubic action

In this appendix we give the expression for the cubic Lagrangian. Consider the case where
momenta are not too squeezed. The lapse and the shift fields are higher order in the
slow-roll parameters and enter in the cubic Lagrangian at the leading order in slow-roll.

A.1 Scalar sector

In Fourier space, it is convenient to replace 7y and 77, in terms of R, and ¢, (characterised
by a flat power spectrum)

Cn = —mp, Rary = aﬂ'g. (A.1)
Each cubic vertex can be parametrized in the form
L) = M2H? e X a" D (k, K, K") & & & (A.2)

where X is a dimensionless constant, D is a dimensionless combination of momenta and the
fields entering the vertex are denoted by & = {(n, ¢/, H ' Ray, H 'Ry, }; integration
over momenta and the delta functions enforcing momentum conservation in each vertex is
understood. Thus, the cubic Lagrangian in the scalar sector can be written as

K(SSS) A o L
7€H2M2 :a4 [‘/1 +‘/§(k‘k‘/)(k“k‘”)(k"k:”)—k‘/g(k:/-k”)ﬂ CnECnE/ CnE//+
p

a4 AW/ 5 LIN(D L / /

e VR 4 Vs (R RG] G Gl

+a® o (Br(R K+ By (k- )k K)) G =7 ¢

@ Rk
+ W B3 (k/ ' k”) TO C;LE’ C;LE”
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H
R_#R_ &
2 9.0 M AV / " o k' o k'’
+ K K (G (k- Bk F) + G (W - F") ¢, 7 e
o/ D/ R I >
O 7o k o k' o k!’ 20 mo k o k' o
L T 7 R L R TR T
R . R_ "R R -
2 mok - o k"’ Pt mok "Tmo k! "Tmo Kk
@) . = 0 R . 0 0 ok .
+a3Han’H+akk(kk)HHH’
(A.3)
where k = ]I_ﬂ and k = % The values of dimensionless couplings of the vertices are given
in the following table.
Vertex Value
Vi 363 — 1083 cf — 231 +36 A5 — 16 A7
Va 81c2 — T2 A7 + 117
Vs 108 c3 ¢ —135¢% — 108 X5 + 72 A7 — 135
Vi | —108c3ct —27c3 + 2 3629 — 27— T a3+ 5
Vs —27(4c3 —3c2 —4 X +1)
Vertex Value
By 24 X9 — 9 g
By 36¢2 — 72 A9 + 96 a~30+¢)
B3 S (=42 —8ckck + M)
By | —36c3c 4+ 24 — 1226 + §6a304)
Bs 362+ 36X\ — 5 5a30+e)
1232+ 228 — 429 — 3 5a=304eD)
12 Xg
Vertex Value
Az
6
I
-3 Ao
R | 58 +4ci+ )
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A.2 TSS sector
In the TSS sector we have

LTS8 —dn G(ts) /i gt Rﬂo K’ Rﬂo k"
€ M}? H? ik aH aH
R R
(tss) kK’ 1o 7o k! (tss) 215 71 7o k
B J B} j .
R k:kk G om TP Kk o H SnF
(t59) ]%/i ]%//j
+V3 K k"

i Gl + [V WRT + V™) (W ) R ¢ ck>
(A.4)

The expressions for the vertices are given in the following table

Vertex Value

VIS | 254 (14 ¢2) 4+ 36 2 A5 + 24 A7
vy 135 (2 1) — 36 A7
v 18e2 — Ei T (2 4+ 1) — 18 \g + 18
B W

Bétss) %

A.3 TTS sector
For the TTS sector we have

TTS
g =a*h. -h -
EMp2 H?2 ijk "mnk’

7é/ !/ "o~ 1"
[(Szm 5jn (B(tts) awg +V1ttb)< k//) _|_V2(tt5) 51n (k] Em ) Cn]}'// :

the vertices are only of violet and green type given following table.

Vertex Value

V) —2(AB3 +1)+3c2 X +2)7
VQ(tts) % (3 +1) —6)7
Btts) 3 X6

B Entropy term and total derivatives

In several points of the paper we stated that & appears only as a coefficient multiplying a
total derivative term. Let us show how it comes about. Let us consider the operators of
interest as a background (3.2) plus a perturbation (all orders)

b=b+06b, Y=Y 46Y, x=x+0x; (B.1)
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and let us expand the Lagrangian for the scalar fields in (2.4) in the following way

(SU:(Ub(sb-i-Uy oY + Upy (Sb(SY-FUbX 5b5X+) (B.Q)
Now, from this expansion we can identify the derivatives of U that contains . To do that,

we have to identify where the ¢ appears. For cg = —1, we have

U, + U - -
6:( X—;_; Y), ﬁ—i—ﬁzMgl(Yb&—bUb):O,
2 2 YI_’ 2 _
My=4H 664:7(be—|—Uby—O'), eH*Xs=Uyy — o+ (B.3)
(4.5)

Thus, we see that Uy = b + oo, Uy =Ya+--- and finally Uy, = o +---. So the

coefficient 0U|5 in the expansion of U that multiplies & is given by
6Uls = (Y 6b+b3Y + dby). (B.4)

Note that when we implement the constraints in (4.5), we have to impose Uy = bo+...,
Uy=Yao+..., Upy =0+ ... and Upy = 0 + ... that implies

6U|s = (Y Sb+b08Y + 6b0Y) =6 (Y Sb+b6Y +6b6Y)=6(0bY). (B.5)

Last step is to show that the term bY form a total derivative.
With the field content of our model it is easy to build the following total derivative
term [53]:
0,Q" = \/gby = B e ypop 8u<pA 9, 0P Oacpc 855017 . (B.6)

Thus, at cubic order, we have that all the terms in the expansion of the Lagrangian for the
(3)

scalar fields in (2.4) proportional to & can be collected in L3 given by
523) =o{ny+ Ary @ + 0y (mo Amr,) — 0;(mo Oimy, )+

%@hummf—@ﬂﬁﬂ+@mwﬂm@@+%n@@ﬂﬂm@ﬂmay

(B.7)
It is well known that spatial derivative terms never contribute to the primordial bispectrum.
Surprisingly, in general this is not the case of a time derivative term [54-57]. We can write
the cubic total derivative expression proportional to ¢ as

P g 2
L =0Q. Q= gm [(0*n) - @ym]. (B3)
Using perturbation theory, such a local term gives a contribution local in time of the form

() ~i [ @ (ol [a®Pm)] ). (5.9)

Such terms are commonly estimated considering a quadratic field redefinition and absorbing
the time derivative terms in the cubic Lagrangian [3, 47, 58]. In our particular case, @
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does depend by 7y and 77, conjugate momenta and then it commutes with ¢, ~ V27,
and the contribution to the bispectrum of (, (B.9) is zero. Notice that, it is the choice
of an instantaneous reheating that selects (,, as the reference scalar perturbation that sets
the initial conditions for the radiation domination phase of the Universe. Quite different
scenarios can be considered computing (, or R bispectra where the conjugate momenta
appear [9]. As final remark we point out that the vertices V} /5 and G /3 do not contribute
to (B.6); indeed & cancels due to the condition M;’ ~ 0.

C PNG and the in-in formalism

In this section a general description of the in-in formalism and the main formula to get our
results are given. The in-in formalism is based on the interacting picture, each quantum
field?? f evolves following

dé s A

S _ iléa ] , C.1

o =i |6 A (eRY
where H, is the quadratic (free) Hamiltonian. The leading contribution to the 3-point
function of f£3 operator, by expanding the evolution operator, will be given by

t

(E(x1) E(x2) (x3)) =i /

—0o0

dt' (0 | [£61) E(x0) ECxa), ALY [0). (C2)

By definition of the interacting Hamiltonian, the reader can easily verify that supersolid
inflation can be included in the class of theories such that

Hy = —/d3x LB (x,1), (C.3)

where £ is the cubic Lagrangian density. Thus, in Fourier space the bispectrum reads

2 ;
Bk, ko, ks) = (5 59 /n§:1 ia..
(C.4)

3 A A A A
/ dt/a(t/) 5(3) (Z qj) Re [Z <O | €k1 gkz gks |t £Q1 92 q3 |t/’ 0>} ;
. ,
j
where L, 4, 45 15 the Fourier transform of £3). Equation (C.4) is completely general and

can be specialized to the case scalar, tensor or mixed case.

1. SSS:
vertex of the form

£k‘, Kk = Xe Msl H2 CLTL D(k, k‘l, k”) é—wk gék/ gpk” 5 (C5)

23To make clear that we are dealing with quantum fields an "is used.
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where £qreck letter Can be any scalar field among ¢, ¢/, H 'Ry, H™! R.,- For the
bispectrum of ¢,, we have

Bes = / dk3dk®dk"™ T, I =2RelJ]; (C.6)

J=iXeMyH* D(k, K, k")
2 ) A te

> Gl Gl Gl [T arae el 60

i,7,1=1 >

{005 + 1) |03, (k1 +K) 6k + k) + 35757, 6k + K)3(ko + )|
+ 6(ks + k') [5“7]‘ S(ky +k")d(ky + k) 4 6L §5(ky + k)6 (ko + k”)}

7,0,M n,m,0

+0(ky + k) [0, 8(ki + K")d(ka + K) + 05, (ks + K)o(ka + k)| }
C.

(C.7)
where 6573713 0= L 6t ... 6). The dimensionless function D encodes the structure of
spatial derivatives in the vertex structure, while the n and X are vertex dependent
constants.

2. TSS:

vertex of the form
Li g =X eMp21 H?a" Dij(k, k', K" hijk o Eshr (C.8)
which leads to
Be2 o = / dk3dk"3dk" T 7 =2RelJ]; (C.9)

J =iX M3 H?eDyj(k, k', k)

2 te * 0)
> b Gl Gl X [t e Gl e

I,m=1
(k1 +k) {65,92:’? S(ko + k)6 (ks + k") + P 5(ko + K)o (ks + k’)} :
(C.10)
3. TTS:
vertex of the form
Liwrr =X MY H? €a” Dy (k, k', K") hign e Pt i e (C.11)
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which leads to:
B, hena = / dk*dkPdk"* T, I =2RelJ]; (C.12)

J =iX M} H? e Dy (k, K, k")

2 .
S Dy iyl i S0 e 80 o / dt' " W b €,9) 0 (C13)

m=1 7,8

5(ks + k") [55;;3 3(ky + k)3 (ks + k) + 029 6(ky + k)3 (ko + k')] :

4. TTT:
vertex of the form

L =X MZH?ea® hijp hjip hiwr (C.14)
which leads to:
Bhoppna = / dk3dkPdk"™ T, I =2RelJ]; (C.15)
J=iXM}He

Z Py Py Tk |t Z 81] k 8]l)k' ElZ k" / di’ a" hi, Wi Tl -

=1 r,8,U
: {5(k3 + X' [531; 96(ky +K)d(ks + k) + 6927 5(k; + k)6 (ko + K)

+3(ks + K') 0984 0k + K")3(ka + k) + 322 5(k + k)d(ko + k")

S,TU

)]
)
O §(ky + K")8 (ko + k') + 6909 5(ky + K')3(ka + k")] }

r,8,U

+4(ks + k)

—

The results presented can be obtained by evaluating the above integrals. In the cases
= —1, 0, the integral J can be computed analytically, while when ¢ € (0, 1) a numerical
approach is needed.

D Squeezed SSS fni

In this appendix we give the full expressions for fnr, in a squeezed configuration. Among
ten vertices, only four give an independent contribution to fnyr,. The contribution from
each independent operator O of (A.3) to fnr, can be split in an overall amplitude M times
a momentum-independent part wich gives the monopole and the quadrupole structure
according with

H9 = (X1 + X5 cos®0) M©) = (Xpq+ Xo V) M©) (D.1)
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It is useful to define the following recurrent combinations in fyr, of the diagonal sound

speeds
C1=cs1 +cs2, (D.2)
Co = 2| + cs16s0 + €2, (D.3)
Co=c 4 S+ A2+ cacdy, + ¢y (D.4)
In the case of cg = —1, at the leading order in SR, (,, and R, fields have analytic solutions
of the form
¢~ k3 (k)2 HY (<ktey),
. (D.5)
R ~ k7 (ki) Hg)(—ktcsl), [=1,2;
used to evaluate the in-in time integrals.
We choose the following four independent vertices for their simplicity
o (3 vertex
= [Va+3Vi+ (3o +2V5) cos (0)*] M), (D.6)
(1 (2
+r
(@) — ?M (12 ()2 W2
M oy (5¢i (Eire? +hr?) + arrPey). (D.7)
e (/2¢, vertex
1&%2 ) = [V4 + V5 cos (6)2} MGG (D.8)
1 2
72 5 (n +r Cn 1
M) — 3 (27C1) (361 (C Té )2 +c 27“2 )2 ) +47"é )’l“é )62051 032)
(D.9)
o (0 (), Ry, vertex
151417 G Reno) _ [Bl + By cos (9)2} M G R | (D.10)
1) (2
, 5 "¢, T7¢, 1 2
MGG Reg) — < 7( e ) (3031 Ciriyrt) + 20 r 2, Cz) +[es1 = es2].
(D.11)
o (aRE, vertex
Rio) _ 2] A6 R%)
fNL = [Gl + G cos (0) } M %, (D.12)

(1) (2
) n
M(C"REFO) = —g (3C1C> (3Cs lcl 7/‘21/)02 +2 2/)0 22/)062> [031 - 032] :
L

(D.13)

40 —



The remaining vertices can be written as follows

o RL, (2 vertex
0 _ gy R (R = 3 M MG (D.14)
¢
. 7@;03 vertex
FR0?) _ o) MY pReeD) g1 A€ [re. = rip0) (D.15)
o RL,2(, vertex
fgf 0y MRhg* )
MRg? ) _ 97 A(6) (D.16)

i i i ' i o2 i
(8 ), ) L0020 40 0

»TA
o R%, Cn Ry vertex

~ ~ (() n ())
w0 $n Remo) — Og MRirg 6 Ry MRy € Rg) — 3 "Ljo T Ljo MG G Ry

(D.17)

> 2
R, Rz, vertex

(1) (2)
(TL/O + TL/0> MG RE,) (D.18)

(Rlgy R2,)

Jiy - R./\/l(ﬁ;ro R%O), M(R R%,)

E Equilateral TSS fni

In this appendix we give the complete expressions for frgg in the TSS sector for an equi-
lateral configuration.

o h(2 vertex

frss =Y el 1t I (1)
lm

(tss)  1,(tss)
Ic2 = 2 ‘/1 V2 [
" 24\/5(1 + csil +Csm>2

+cst (1 + Com) (11 + 6 com + 263, —67)

¢l +2¢h (1+ com) + 263 (2+ com + ¢2)

(1 + Com) (4 + 3 com + ¢, — 37¢) (E-2)
2 [10+ 2 cam(3+ com + ) = 37%]

—3(1 + o + com)? log (—(1 + o1 + Com) kt)} .
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o h(? vertex

Jrss = ZCL 7“ Cn )Ig/2 ; (E.3)
T = — Vi) ot Com [03 +2¢% (1 + com)
on 5 12V2 (14 co + com)? L ! o (E.4)
+2 ¢ (1+ com + ) + (L + com) (1 + com + cﬁm)] .
o h( Ry, vertex
frss = ZCL T TL/O Lt Ry » (E.5)
Ton = B Com [& +2¢% (14 com)
& Remo UAVR (1 g+ com)? ! ! . (E.6)
+2 5 (14 csm + ) + (1 + csm) (1 + com + cim)] :
o hR], (o vertex
frss = ZCL 7“4 T(L/())IR' Cn > (E.7)
_B(tss)
Trs = 2 A +2ch(1+¢ +2¢% (24 com + 2
Rirg Cn 4 \/i(l g+ Csm)2 { sl sl ( Sm) sl ( sm Csm)
Feg (14 com) (11 + 6 com +2¢2,, — 67¢)
+(1 + Csm)2(4 + 3 csm + Cgm - 378) (E8)
+¢ 10+ 2 can(3+ com + ) = 37%]
—3(1+cyg+ csm)2 log (—(1 + ¢cs1 + Csm) kt)} )
. hRWOQ vertex
5 (1)
frss —ZCL5T‘(L/O7“L/)IR2 , (E.9)
G(tss)
Tr2 = -3 S +2¢41+¢
o 4V§ﬂ+ﬂd+%mp[8l ot {1+ Com) (E.10)

+2 51 (1 + csm + 2n) + (1 + com) (1 + com + cim)] :

F  Supersolid Lagrangian: an example
A simple way to implement the consistency relations M/ = 0 is to use the Lagrangian (4.7)

U=-6H?+¢e V+e Uy (F.1)
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V = —4 H?log(b) is the Lagrangian of a perfect fluid needed to have e approximately

constant, while Uy is a background-A-Media (4.7) that automatically satisfies all the con-

straints (4.5). The reason of this choice is quite simple. The parameters entering in the

quadratic Lagrangian are given by

g=ci= é (U]\,XX +2Uf xy +UI\,)/)1> ’
C% i AX

¢ = —% (Ui + Uiy + Uiy + Ui )
c%z%—l—%c%chg,

Gg=-1, 6=U;,+Uz )

For the independent parameters in the cubic Lagrangian we get

Az = U[\, xxx T3 U[\, xyy T 3 U]\,Xxy + U[\,yyy )

A6 = —8;50% — 83;03 ,

Ar = é (Ua ey + Uk, ) »

Ao = % (Uh gy + Uk wy )

Mo = —Ug yy = Ui xy-

Thus, (F.1) indeed satisfies all the requirements for a consistent slow-roll dynamics.

G Boosting the tensor sector

(F.2)

(F.3)

In this appendix we discuss the parameterization used in section 9 to keep the SSS sector

under control. Figure 2 was obtained by the following choice for the five independent

parameters {2, A\g, A7, Ag, A1g} in the cubic Lagrangian

o~ (=891+2107° f5) oo + (026 + 7107 fo) &y + 107 fo
Ao ~ —=3.75 655" + .06+ 0.41 &5 + 1072 83,

Mo = (=0.04— 2107 fo) &y + (12107 421077 fo) & + (4107 = 3.4107° fo) &,

while
A7~ —2.05, Ag = 0.05.

The function fs corresponds to the dashed-red line shown in figure 6

log(fa) ~ 8.23 4+ 0.28 &5 — 0.32¢%, +0.04¢2, .
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One could have expanded f2 in powers, rewriting (G.1) as a Laurent series, however (G.3)
is more compact. We chose this function, considering the intersections of the regions
] fISIFLD)L | flgiQ)| < 60 in order to get an almost violet squeezed fn1, without exceeding the
equilateral /folded experimental constraints. This is only one possibility to get the squeezed

fnp of order ¢, and within the experimental constraints obtaining
(9 2 2.3+ 9.5 cos(26) — (6.9 + 5.5 cos(26)) g + —11.46% + O(&,) | (G.4)

whose total plot is shown in figure 6, and allowing us to enhance the tensor PNG having
access to a sufficiently small cgo values.

5000

4000

3000

f

O IfNL(EQ)I <60

2000 [f. D] < 60

1000

0.10 0.15 0.20 0.25 0.30 0.35 0.40

Cs2
Figure 6. A plot showing the existence of a common region of small sound speed ¢, with equilateral

and folded shapes both within the CMB constrains. The red-dashed line represents the f; function
in eq. (G.4).
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H Bispectrum figures

In this section we give the amplitude M(©) (where O are the operators of the interactions
terms) defined in (D.1):

O = (X1 4 X5 cos20) M©) = (X + X VL) MO (H.1)

Thus, for each fxr, we plot M functions by setting (X7 + Xo cos? 6) to one, and c% =—1.

ng[IM(’}'fz)|]: &,=1/2, c?=-1

12
10

N O

Cs1

Figure 7. Dominant squeezed SSS vertex: Log [| MR'R? |] The black line delimits the region

where MR'R* ~ 102,

L‘og[IM({"ﬂ')ﬂ: eL=112, cb2=71 Log[IM& &)|1: &,=1/2, cp2=-1

-0.4 -12
-05 14
-0.6 -1.6
-07 -18
0.8 -20
-0.9 22
-1.0 -24

-26

Cs1 Cs1

Figure 8. Squeezed V vertices, Log [| MG |]
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ng[|M(§'f” hi: &.=112, cy2=-1

Log[|M®4)|]: eL=I1/2, cp?=-1

0.4
3.0
25
20 0.3/
1.5
1.0 &
0.5
0 0.2+
-0.5
-1.0
0.1+
0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9
Csq Cs1
LoglIME <): &,=172, c,2=—1 Log[IM® |j: &,=112, c,2=-1

0.6 0.7 0.8 0.9
Csq Cs1

LoglIM ' ): &,=112, cy2=-1 LogIM " 9y: 8,212, cy?=-1

=N W s N O

Figure 9. B; 5, G12 and Op2 squeezed vertices. The black line delimits the region where

MO ~ 102
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Log[IM “9)): &,=112, ¢,2=-1

Log[frrs]: éL=1/2, cp?=-1

8 04
7 6.5
6 6.0
5 03 55
4 o 5.0
3 © 4.5
2 0.2 4.0
1 35
0 3.0

0.1
0.6 0.7 0.8 0.9
Cs1 Cs1
Figure 10 (a). O3 squeezed vertex. Figure 10 (b). Dominant f,}STQS) B(tts) ¢
set to one.
TSS: Log||f%)Sin(6) 2], &.=1/2, cy?=-1 TSS EQ: Log]|f%)]], & =1/2
8 9
7 8
6 7
5 6
4 5
4
3 3
2 2
1 1
Cs1 Cs1
Figure 11. The dominant frss shape h7f in the ¢ = —1 case. On the left the squeezed frss, on

the right the equilateral one. G**) and sin(6)? set to one.
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TSS: Log[|f(*")Sin(6)2]], &,=1/2 TSS: Log[|f*)Sin(8)?|], &,=1/2

-1.0
-1.2
-1.4
-1.6
-1.8
-2.0
=22

-0.2
-0.3
-0.4
-0.5
-0.6
-0.7

0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9
Cs1 Cs1

Tss: LoglIf ¥)sin(8)2 1, &.=1/2 TSS: Log[|f¢ ®Sin(6)2]], &,=1/2

4.0
3.5
3.0
25
2.0
1.5
1.0
0.5

Figure 12. Squeezed TSS plots. Note that the shape h7? is the dominant one. We set V-B
constants and sin(6)? set to one.
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TSS EQ: Log[|f€7)]], &.=1/2 TSS EQ: Log[|f¢”)[], &,=1/2
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Figure 13. Equilateral TSS plots. We set V-B constants to one and k¢ = 107°.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References
[1] C. Cheung, P. Creminelli, A.L. Fitzpatrick, J. Kaplan and L. Senatore, The Effective Field
Theory of Inflation, JHEP 03 (2008) 014 [arXiv:0709.0293] [INSPIRE].

[2] S. Weinberg, Adiabatic modes in cosmology, Phys. Rev. D 67 (2003) 123504
[astro-ph/0302326] [INSPIRE].

[3] J.M. Maldacena, Non-Gaussian features of primordial fluctuations in single field inflationary
models, JHEP 05 (2003) 013 [astro-ph/0210603] [INSPIRE].

[4] V. Acquaviva, N. Bartolo, S. Matarrese and A. Riotto, Second order cosmological
perturbations from inflation, Nucl. Phys. B 667 (2003) 119 [astro-ph/0209156] [INSPIRE].

[6] V.A. Rubakov, Lorentz-violating graviton masses: Getting around ghosts, low strong coupling
scale and VDVZ discontinuity, hep-th/0407104 [INSPIRE].

— 49 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/1126-6708/2008/03/014
https://arxiv.org/abs/0709.0293
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0709.0293
https://doi.org/10.1103/PhysRevD.67.123504
https://arxiv.org/abs/astro-ph/0302326
https://inspirehep.net/search?p=find+EPRINT%2Bastro-ph%2F0302326
https://doi.org/10.1088/1126-6708/2003/05/013
https://arxiv.org/abs/astro-ph/0210603
https://inspirehep.net/search?p=find+EPRINT%2Bastro-ph%2F0210603
https://doi.org/10.1016/S0550-3213(03)00550-9
https://arxiv.org/abs/astro-ph/0209156
https://inspirehep.net/search?p=find+EPRINT%2Bastro-ph%2F0209156
https://arxiv.org/abs/hep-th/0407104
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0407104

[6]
[7]

8]

S.L. Dubovsky, Phases of massive gravity, JHEP 10 (2004) 076 [hep-th/0409124] [INSPIRE].

D.T. Son, Effective Lagrangian and topological interactions in supersolids, Phys. Rev. Lett.
94 (2005) 175301 [cond-mat/0501658] [INSPIRE].

M. Celoria, D. Comelli and L. Pilo, Fluids, Superfluids and Supersolids: Dynamics and
Cosmology of Self Gravitating Media, JCAP 09 (2017) 036 [arXiv:1704.00322] [INSPIRE].

M. Celoria, D. Comelli, L. Pilo and R. Rollo, Boosting GWs in Supersolid Inflation, JHEP
01 (2021) 185 [arXiv:2010.02023] [INSPIRE].

S. Endlich, A. Nicolis and J. Wang, Solid Inflation, JCAP 10 (2013) 011 [arXiv:1210.0569]
[INSPIRE].

G. Ballesteros, D. Comelli and L. Pilo, Massive and modified gravity as self-gravitating
media, Phys. Rev. D 94 (2016) 124023 [arXiv:1603.02956] [INSPIRE].

L. Pilo, Recent results in massive gravity, in proceedings of the The Fourteenth Marcel
Grossmann Meeting on Recent Developments in Theoretical and Ezxperimental General
Relativity, Gravitation, and Relativistic Field Theory, Rome, Italy, 12-18 July 2015,
volume 1, World Scientific (2017), pp. 428-437 [INSPIRE].

M. Celoria, D. Comelli and L. Pilo, Sizth mode in massive gravity, Phys. Rev. D 98 (2018)
064016 [arXiv: 1711. 10424] [INSPIRE].

N. Bartolo, D. Cannone, A. Ricciardone and G. Tasinato, Distinctive signatures of
space-time diffeomorphism breaking in EFT of inflation, JCAP 03 (2016) 044
[arXiv:1511.07414] [iNSPIRE].

PLANCK collaboration, Planck 2018 results. X. Constraints on inflation, Astron. Astrophys.
641 (2020) A10 [arXiv:1807.06211] [INSPIRE].

N. Bartolo, S. Matarrese, M. Peloso and A. Ricciardone, Anisotropy in solid inflation, JCAP
08 (2013) 022 [arXiv:1306.4160] [INSPIRE].

N. Bartolo, M. Peloso, A. Ricciardone and C. Unal, The expected anisotropy in solid
inflation, JCAP 11 (2014) 009 [arXiv:1407.8053] [INSPIRE].

PLANCK collaboration, Planck 2015 results. XVII. Constraints on primordial
non-Gaussianity, Astron. Astrophys. 594 (2016) A17 [arXiv:1502.01592] [INSPIRE].

P. Creminelli, G. D’Amico, M. Musso and J. Norena, The (not so) squeezed limit of the
primordial 3-point function, JCAP 11 (2011) 038 [arXiv:1106.1462] [INSPIRE].

L. Senatore and M. Zaldarriaga, A Note on the Consistency Condition of Primordial
Fluctuations, JCAP 08 (2012) 001 [arXiv:1203.6884| [INSPIRE].

P. Creminelli, J. Norena and M. Simonovié¢, Conformal consistency relations for single-field
inflation, JCAP 07 (2012) 052 [arXiv:1203.4595] [INSPIRE].

K. Hinterbichler, L. Hui and J. Khoury, Conformal Symmetries of Adiabatic Modes in
Cosmology, JCAP 08 (2012) 017 [arXiv:1203.6351] INSPIRE].

K. Hinterbichler, L. Hui and J. Khoury, An Infinite Set of Ward Identities for Adiabatic
Modes in Cosmology, JCAP 01 (2014) 039 [arXiv:1304.5527| [INSPIRE].

L. Hui, A. Joyce and S.S.C. Wong, Inflationary soft theorems revisited: A generalized
consistency relation, JCAP 02 (2019) 060 [arXiv:1811.05951] [INSPIRE].

— 50 —


https://doi.org/10.1088/1126-6708/2004/10/076
https://arxiv.org/abs/hep-th/0409124
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0409124
https://doi.org/10.1103/PhysRevLett.94.175301
https://doi.org/10.1103/PhysRevLett.94.175301
https://arxiv.org/abs/cond-mat/0501658
https://inspirehep.net/search?p=find+EPRINT%2Bcond-mat%2F0501658
https://doi.org/10.1088/1475-7516/2017/09/036
https://arxiv.org/abs/1704.00322
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1704.00322
https://doi.org/10.1007/JHEP01(2021)185
https://doi.org/10.1007/JHEP01(2021)185
https://arxiv.org/abs/2010.02023
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.02023
https://doi.org/10.1088/1475-7516/2013/10/011
https://arxiv.org/abs/1210.0569
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1210.0569
https://doi.org/10.1103/PhysRevD.94.124023
https://arxiv.org/abs/1603.02956
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD94%2C124023%22
https://doi.org/10.1142/9789813226609_0023
https://doi.org/10.1142/9789813226609_0023
https://doi.org/10.1142/9789813226609_0023
https://inspirehep.net/literature/1640802
https://doi.org/10.1103/PhysRevD.98.064016
https://doi.org/10.1103/PhysRevD.98.064016
https://arxiv.org/abs/1711.10424
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.10424
https://doi.org/10.1088/1475-7516/2016/03/044
https://arxiv.org/abs/1511.07414
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1511.07414
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1051/0004-6361/201833887
https://arxiv.org/abs/1807.06211
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.06211
https://doi.org/10.1088/1475-7516/2013/08/022
https://doi.org/10.1088/1475-7516/2013/08/022
https://arxiv.org/abs/1306.4160
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1306.4160
https://doi.org/10.1088/1475-7516/2014/11/009
https://arxiv.org/abs/1407.8053
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1407.8053
https://doi.org/10.1051/0004-6361/201525836
https://arxiv.org/abs/1502.01592
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.01592
https://doi.org/10.1088/1475-7516/2011/11/038
https://arxiv.org/abs/1106.1462
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1106.1462
https://doi.org/10.1088/1475-7516/2012/08/001
https://arxiv.org/abs/1203.6884
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1203.6884
https://doi.org/10.1088/1475-7516/2012/07/052
https://arxiv.org/abs/1203.4595
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1203.4595
https://doi.org/10.1088/1475-7516/2012/08/017
https://arxiv.org/abs/1203.6351
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1203.6351
https://doi.org/10.1088/1475-7516/2014/01/039
https://arxiv.org/abs/1304.5527
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1304.5527
https://doi.org/10.1088/1475-7516/2019/02/060
https://arxiv.org/abs/1811.05951
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.05951

[25] S. Matarrese, L. Pilo and R. Rollo, Resilience of long modes in cosmological observables,
JCAP 01 (2021) 062 [arXiv:2007.08877] INSPIRE].

[26] M.J. Landry, The coset construction for non-equilibrium systems, JHEP 07 (2020) 200
[arXiv:1912.12301] [iNSPIRE].

[27] M. Celoria, D. Comelli and L. Pilo, Self-gravitating A-media, JCAP 01 (2019) 057
[arXiv:1712.04827] [NSPIRE].

[28] M. Celoria, D. Comelli, L. Pilo and R. Rollo, Adiabatic Media Inflation, JCAP 12 (2019) 018
[arXiv:1907.11784] [INSPIRE].

[29] R. Ferrero and R. Percacci, Dynamical diffeomorphisms, Class. Quant. Grav. 38 (2021)
115011 [arXiv:2012.04507] [iNSPIRE].

[30] A. Ricciardone and G. Tasinato, Primordial gravitational waves in supersolid inflation, Phys.
Rev. D 96 (2017) 023508 [arXiv:1611.04516] [INSPIRE].

[31] V.A. Rubakov and P.G. Tinyakov, Infrared-modified gravities and massive gravitons, Phys.
Usp. 51 (2008) 759 [arXiv:0802.4379] INSPIRE].

[32] D. Comelli, F. Nesti and L. Pilo, Massive gravity: a General Analysis, JHEP 07 (2013) 161
[arXiv:1305.0236] [INSPIRE].

[33] M. Akhshik, Clustering Fossils in Solid Inflation, JCAP 05 (2015) 043 [arXiv:1409.3004]
[INSPIRE].

[34] PLANCK collaboration, Planck 2018 results. IX. Constraints on primordial non-Gaussianity,
Astron. Astrophys. 641 (2020) A9 [arXiv:1905.05697] [INSPIRE].

[35] S. Endlich, B. Horn, A. Nicolis and J. Wang, Squeezed limit of the solid inflation three-point
function, Phys. Rev. D 90 (2014) 063506 [arXiv:1307.8114] [INSPIRE].

[36] A. Malhotra, E. Dimastrogiovanni, M. Fasiello and M. Shiraishi, Cross-correlations as a
Diagnostic Tool for Primordial Gravitational Waves, JCAP 03 (2021) 088
[arXiv:2012.03498] [INSPIRE].

[37] P. Adshead, N. Afshordi, E. Dimastrogiovanni, M. Fasiello, E.A. Lim and G. Tasinato,
Multimessenger cosmology: Correlating cosmic microwave background and stochastic
gravitational wave background measurements, Phys. Rev. D 103 (2021) 023532
[arXiv:2004.06619] [INSPIRE].

[38] M. Shiraishi, Tensor non-Gaussianity search: Current status and future prospects, Front.
Astron. Space Sci. 6 (2019) 49.

[39] N. Bartolo, V. De Luca, G. Franciolini, A. Lewis, M. Peloso and A. Riotto, Primordial Black
Hole Dark Matter: LISA Serendipity, Phys. Rev. Lett. 122 (2019) 211301
[arXiv:1810.12218] [NSPIRE].

[40] N. Bartolo et al., Anisotropies and non-Gaussianity of the Cosmological Gravitational Wave
Background, Phys. Rev. D 100 (2019) 121501(R) [arXiv:1908.00527] InSPIRE].

[41] N. Bartolo et al., Characterizing the cosmological gravitational wave background: Anisotropies
and non-Gaussianity, Phys. Rev. D 102 (2020) 023527 [arXiv:1912.09433] INSPIRE].

[42] L.A. Boyle and P.J. Steinhardt, Probing the early universe with inflationary gravitational
waves, Phys. Rev. D 77 (2008) 063504 [astro-ph/0512014] [INSPIRE].

~ 51 —


https://doi.org/10.1088/1475-7516/2021/01/062
https://arxiv.org/abs/2007.08877
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.08877
https://doi.org/10.1007/JHEP07(2020)200
https://arxiv.org/abs/1912.12301
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.12301
https://doi.org/10.1088/1475-7516/2019/01/057
https://arxiv.org/abs/1712.04827
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1712.04827
https://doi.org/10.1088/1475-7516/2019/12/018
https://arxiv.org/abs/1907.11784
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1907.11784
https://doi.org/10.1088/1361-6382/abf627
https://doi.org/10.1088/1361-6382/abf627
https://arxiv.org/abs/2012.04507
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.04507
https://doi.org/10.1103/PhysRevD.96.023508
https://doi.org/10.1103/PhysRevD.96.023508
https://arxiv.org/abs/1611.04516
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD96%2C023508%22
https://doi.org/10.1070/PU2008v051n08ABEH006600
https://doi.org/10.1070/PU2008v051n08ABEH006600
https://arxiv.org/abs/0802.4379
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0802.4379
https://doi.org/10.1007/JHEP07(2013)161
https://arxiv.org/abs/1305.0236
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1305.0236
https://doi.org/10.1088/1475-7516/2015/05/043
https://arxiv.org/abs/1409.3004
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1409.3004
https://doi.org/10.1051/0004-6361/201935891
https://arxiv.org/abs/1905.05697
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.05697
https://doi.org/10.1103/PhysRevD.90.063506
https://arxiv.org/abs/1307.8114
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1307.8114
https://doi.org/10.1088/1475-7516/2021/03/088
https://arxiv.org/abs/2012.03498
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.03498
https://doi.org/10.1103/PhysRevD.103.023532
https://arxiv.org/abs/2004.06619
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.06619
https://doi.org/10.3389/fspas.2019.00049
https://doi.org/10.3389/fspas.2019.00049
https://doi.org/10.1103/PhysRevLett.122.211301
https://arxiv.org/abs/1810.12218
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C122%2C211301%22
https://doi.org/10.1103/PhysRevD.100.121501
https://arxiv.org/abs/1908.00527
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD100%2C121501%22
https://doi.org/10.1103/PhysRevD.102.023527
https://arxiv.org/abs/1912.09433
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.09433
https://doi.org/10.1103/PhysRevD.77.063504
https://arxiv.org/abs/astro-ph/0512014
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD77%2C063504%22

[43]

[52]
[53]

[54]

[55]

[56]

T.L. Smith and R. Caldwell, LISA for Cosmologists: Calculating the Signal-to-Noise Ratio
for Stochastic and Deterministic Sources, Phys. Rev. D 100 (2019) 104055
[arXiv:1908.00546] [INSPIRE].

N. Bartolo et al., Science with the space-based interferometer LISA. IV: Probing inflation
with gravitational waves, JCAP 12 (2016) 026 [arXiv:1610.06481] [INSPIRE].

M.C. Guzzetti, N. Bartolo, M. Liguori and S. Matarrese, Gravitational waves from inflation,
Riv. Nuovo Cim. 39 (2016) 399 [arXiv:1605.01615] [INSPIRE].

L. Bordin, P. Creminelli, M. Mirbabayi and J. Norena, Solid Consistency, JCAP 03 (2017)
004 [arXiv:1701.04382] [INSPIRE].

X. Chen, M.-x. Huang, S. Kachru and G. Shiu, Observational signatures and
non-Gaussianities of general single field inflation, JCAP 01 (2007) 002 [hep-th/0605045]
[INSPIRE].

E. Dimastrogiovanni, M. Fasiello, D. Jeong and M. Kamionkowski, Inflationary tensor fossils
in large-scale structure, JCAP 12 (2014) 050 [arXiv:1407.8204] [INSPIRE].

E. Dimastrogiovanni, M. Fasiello and M. Kamionkowski, Imprints of Massive Primordial
Fields on Large-Scale Structure, JCAP 02 (2016) 017 [arXiv:1504.05993] [INSPIRE].

L. Tacconi, M. Fasiello, H. Assadullahi and D. Wands, Small-scale Tests of Inflation, JCAP
12 (2020) 005 [arXiv:2008.00452] [INSPIRE].

L. Tacconi, M. Fasiello, H. Assadullahi, E. Dimastrogiovanni and D. Wands, Interferometer
Constraints on the Inflationary Field Content, JCAP 03 (2020) 031 [arXiv:1910.12921]
[INSPIRE].

G. Cabass, Zoology of Graviton non-Gaussianities, arXiv:2103.09816 [INSPIRE].

G. Ballesteros, D. Comelli and L. Pilo, Thermodynamics of perfect fluids from scalar field
theory, Phys. Rev. D 94 (2016) 025034 [arXiv:1605.05304] INSPIRE].

S. Garcia-Saenz, L. Pinol and S. Renaux-Petel, Revisiting non-Gaussianity in multifield
inflation with curved field space, JHEP 01 (2020) 073 [arXiv:1907.10403] [INSPIRE].

F. Arroja and T. Tanaka, A note on the role of the boundary terms for the non-Gaussianity
in general k-inflation, JCAP 05 (2011) 005 [arXiv:1103.1102] [INSPIRE].

G. Rigopoulos, Gauge invariance and non-Gaussianity in Inflation, Phys. Rev. D 84 (2011)
021301(R) [arXiv:1104.0292] [INSPIRE].

C. Burrage, R.H. Ribeiro and D. Seery, Large slow-roll corrections to the bispectrum of
noncanonical inflation, JCAP 07 (2011) 032 [arXiv:1103.4126] [INSPIRE].

D. Seery and J.E. Lidsey, Primordial non-Gaussianities in single field inflation, JCAP 06
(2005) 003 [astro-ph/0503692] [INSPIRE].

~52 -


https://doi.org/10.1103/PhysRevD.100.104055
https://arxiv.org/abs/1908.00546
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD100%2C104055%22
https://doi.org/10.1088/1475-7516/2016/12/026
https://arxiv.org/abs/1610.06481
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1610.06481
https://doi.org/10.1393/ncr/i2016-10127-1
https://arxiv.org/abs/1605.01615
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.01615
https://doi.org/10.1088/1475-7516/2017/03/004
https://doi.org/10.1088/1475-7516/2017/03/004
https://arxiv.org/abs/1701.04382
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1701.04382
https://doi.org/10.1088/1475-7516/2007/01/002
https://arxiv.org/abs/hep-th/0605045
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0605045
https://doi.org/10.1088/1475-7516/2014/12/050
https://arxiv.org/abs/1407.8204
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1407.8204
https://doi.org/10.1088/1475-7516/2016/02/017
https://arxiv.org/abs/1504.05993
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1504.05993
https://doi.org/10.1088/1475-7516/2020/12/005
https://doi.org/10.1088/1475-7516/2020/12/005
https://arxiv.org/abs/2008.00452
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.00452
https://doi.org/10.1088/1475-7516/2020/03/031
https://arxiv.org/abs/1910.12921
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.12921
https://arxiv.org/abs/2103.09816
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.09816
https://doi.org/10.1103/PhysRevD.94.025034
https://arxiv.org/abs/1605.05304
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.05304
https://doi.org/10.1007/JHEP01(2020)073
https://arxiv.org/abs/1907.10403
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1907.10403
https://doi.org/10.1088/1475-7516/2011/05/005
https://arxiv.org/abs/1103.1102
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1103.1102
https://doi.org/10.1103/PhysRevD.84.021301
https://doi.org/10.1103/PhysRevD.84.021301
https://arxiv.org/abs/1104.0292
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD84%2C021301%22
https://doi.org/10.1088/1475-7516/2011/07/032
https://arxiv.org/abs/1103.4126
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1103.4126
https://doi.org/10.1088/1475-7516/2005/06/003
https://doi.org/10.1088/1475-7516/2005/06/003
https://arxiv.org/abs/astro-ph/0503692
https://inspirehep.net/search?p=find+EPRINT%2Bastro-ph%2F0503692

	Introduction
	Supersolids
	Mass parameters and cubic vertices
	Power spectrum in supersolid inflation
	Cubic Lagrangian (spatially flat gauge)
	Effective theory description
	Scalar bispectrum
	Squeezed configurations
	Equilateral configurations

	Tensor bispectrum
	<TTT>
	<TTS>
	<TSS>

	Phenomenology
	Solid vs. supersolid
	PNG scenarios in supersolid inflation

	Conclusions
	Cubic action
	Scalar sector
	TSS sector
	TTS sector

	Entropy term and total derivatives
	PNG and the in-in formalism
	Squeezed SSS f(NL)
	Equilateral TSS f(NL)
	Supersolid Lagrangian: an example
	Boosting the tensor sector
	Bispectrum figures

